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Abstract 

This thesis presents the Ha Galaxy Survey, the largest and most representative 

optical sample of nearby star-forming galaxies to date. In total, 334 spiral and 

irregular galaxies have been imaged in the Ha line as part of a survey of galaxies in 

the local Universe. Ha fluxes, equivalent widths and surface brightnesses are used 

to measure the on-going star formation activity in the galaxies. The distribution 

of star formation within galaxies, the relation between star formation and the 

properties and surrounding environment of a galaxy, and the total current star 

formation density of the local Universe are all investigated. 

Sources of uncertainty, due to both astrophysical and non-astrophysical effects 

are also examined. The largest, non-astrophysical, source of error in the Ha 

fluxes comes from the subtraction of the continuum emission from the galaxies. 

A new method, employing photometric separation of the [NIl] and Ha emission, 

is proposed to correct for uncertainties due to [NIl] contamination. The method 

shows that [NIl]/Ha varies widely within each galaxy and that the current stan

dard corrections need to be updated. Internal extinction effects are investigated 

and found to vary within individual galaxies. Data from the Universidad Com

plutense de Madrid Ha survey collaboration is used to show that the quantit~· of 

extinction is related to galaxy type. 

Star formation rates calculated from the Ha fluxes are compared to those derin'cl 

from far-infrared data. There is a strong, but non-linear correlation between the 

two. 

TIl<' cOlnparisons of Her to continuum concentration indices show that the rna.i()r-

111 



ity of rnassive-star formation is occurring in the outer regions of the galaxies. The 

distribution of star formation within galaxies is found to ,"ary amongst galaxies 

with the same Hubble type and is strongly affected by tidal interactions. The 

profile of a nuclear bar is found to correlate with the circumnuclear distribution 

of Hn regions. 

Star formation activity is found to correlate with Hubble type, although there 

is a large amount of scatter. Once normalisations for size or mass have been 

applied, Sm-lm galaxies are found to be the most active, on average. With 

the exception of SO/a-Sa galaxies, no correlation between Ha equivalent width 

or surface brightness and galaxy luminosity is found. Star formation rates and 

equivalent widths are not found to significantly differ between field and group 

populations. Both the Ha and continuum surface brightnesses are found to be 

enhanced in group galaxies compared to the field. 

The total star formation rate density for z=O is found, by integrating under 

the Ha luminosity function, to be 0.027±0.006 M8 yr- 1 Mpc-3 , with the largest 

contributions coming from galaxies with ME between -19 and -20, but with a 

larger share coming from faint galaxies than previously predicted. The dominant 

star-forming Hubble types are Sbc-Sc galaxies, but a significant contribution is 

found from the, previously undersampled, Sm-lm population. Comparing with 

higher-redshift studies shows that there has been little evolution in the total star 

formation rate since z=0.3. 
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Chapter 1 

Introd uction 

1.1 Why study local star formation? 

Two of the biggest topics in extragalactic astronomy today are the formation of 

galaxies and their evolution over the age of the Universe. The star formation 

histories of galaxies are fundamental in our understanding of both. 

The current star formation rate (SFR) of a galaxy not only measures the birth 

of new stars, but, since stars are formed through gravitational instabilities in the 

inter-stellar medium (ISM), they can also be used to trace the gas and dust that 

make up this medium (Schmidt, 1959; Kennicutt, 1989). 

Current models can combine cosmology, dark matter, gas and stars to make 

definite predictions for galaxies throughout the evolutionary timescale. These 

include predictions of current star formation rates (e.g. Kauffmann et al. 1993). 

The majority of previous observations of extragalactic star formation have been 

devoted to high-redshift galaxies and the evolution in the total star formation 

rate of the Universe as a function of cosmological look-back time (e.g. '\I<ldau 

d al. 1996, 1998: Glazebrook et al. 1999; Steidel et al. 1999; Hopkins et al. 2000: 

Lanzetta et al. 2002). The reason for this is due, at least partl~·. to the relatin' 

case with which large, representatin' volumes of the Unin'rse ('an be observed ;11 

1 
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high redshift, whilst only a small area of sky is actually being investigated. 

There are, therefore, still many gaps in our understanding of star formation in 

the local Universe and, for example, both the total rate of star formation and the 

types of galaxy which dominate are still poorly understood. 

1.2 Using Ha to study star formation 

The Ha luminosity observed in spiral and irregular galaxies is believed to be a 

consequence of the ionisation of the ISM by the ultraviolet (UV) radiation which 

is produced by young high-mass OB stars. When a free electron recombines with 

an ionised hydrogen atom and moves down through the different orbits, photons 

of specific wavelengths are emitted. An Ha photon with a wavelength of 656.3 nm 

is emitted when an electron falls from the n=3 shell to the n=2 shell. 

Evolutionary synthesis models are used to compute the conversion factor between 

the ionising flux and the SFR. Since only high mass (> 10 M8 ) and, therefore, 

short-lived «20 Myr) stars contribute significantly to the integrated ionising 

flux (Kennicutt, 1998), the Ha emission line thus provides a nearly instantaneous 

measure of the SFR, independent of the previous star formation history. 

The two main advantages of using Ha to detect star formation are the direct 

relationship between the nebular line emission and the massive SFR, and also 

the high sensitivity. A small telescope can map star formation down to low levels 

at high angular resolution, even in faint, low surface-brightness galaxies. Onl~' 

relatively modest integration times (of order 1 hour per galaxy) are needed on a 

1 III telescope, and this is an important consideration when trying to individually 

inulge a large sample of galaxies. 

Hn imaging of galaxies also has several limitations. Ha emission is subject to 

large extinction effects, both within the host galaxy and our own. \\'hilst there 

ar<' \lOW well developed Inaps for use in correcting for Galadic pxtinction (Schl<'l2,d 
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et al., 1998), the corrections for internal extinction are still largely uncertain. A. 

second drawback is the need to assume a stellar initial mass function ([\IF) to 

extrapolate the total star-forming population from the measurements of the high

mass star formation rates. A further complication comes from the presence of 

the two [NIl] emission lines at 654.8 nm and 658.4 nm either side of the Ha line. 

In most cases, these will be included in observations through Ha filters and will 

add a random scatter about the true Ha flux. Again, the corrections for this 

contamination contain large uncertainties. 

A final disadvantage is that the use of narrow-band Ha filters prohibits the possi

bility of a large-area, comprehensive survey such as those of Sloan and the Infrared 

Astronomy Satellite (IRAS). The small recession velocity coverage of the filters 

means that a pre-existing galaxy catalogue is required to provide a target list 

for specific pointed observations of galaxies with measured redshifts through the 

appropriate Ha filter. 

1.3 Previous Ha studies 

Several large Ha surveys of normal galaxies have already been completed. Three 

of the most relevant to this thesis - those of Kennicutt & Kent (1983), the Univer

sidad Complutense de Madrid (UCM), and Young et al. (1996) - will be outlined 

here. 

1.3.1 Kennicutt & Kent (1983) 

Kennicutt and Kent combine the results of photometric and spectrophotometric 

Sllrn)~'S of rv 200 nearb~! field and Virgo Cluster galaxies. 

Long-slit spectrophotometric observations were made of :J 7 field galaxies selected 

frOln the Second Reference Catalogue of Bright Galaxies (RC2: de Vaucouleurs 

et al. 197G) with total blue-band apparent magnitudes BT < 12.:J, and covering a 
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range of morphological types. The high spectral resolution of this method enabl('~ 

the Ha and [NIl] lines to be resolved and, if desired, corrected for. The use of 

a long slit means that the spatial distribution of Ha across the galax~' can be 

examined. The major disadvantage of spectrophotometric measurements is that 

the small entrance apertures only admit a fraction of the galactic light for all but 

the smallest galaxies. The slit was generally centred on the nucleus, and thus the 

fraction of light detected may not necessarily be representative of the integrated 

disk emission. Whilst equivalent widths (EWs) can be measured by this method, 

total line fluxes cannot. 

The large-aperture photometric Ha survey observed 175 field and Yirgo Cluster 

galaxies, mostly spirals, selected from the Shapley-Ames catalogue (Sandage S: 

Tammann, 1981) with DBV photometry available in RC2. This results in an 

effectively magnitude-limited sample, and hence intrinsically faint galaxies are 

undersampled. There is a 25 galaxy overlap between the two samples. The 

photometry is contaminated by the inclusion of [NIl] in the bandpass of the filters 

used, but, unlike the spectrophotometric study, the aperture size is large enough 

to contain the entire galaxy disk. 

Whilst the aperture photometry provides absolute line fluxes and equivalent 

widths, the spectrometer is better at detecting very low levels of star forma

tion in early-type galaxies, and has the wavelength resolution to separate the Ha 

emission, [NIl], and Ha absorption contribution to the total flux. Neither method 

is able to map the two-dimensional distribution of emission such that individual 

star formation regions can be identified across the galaxy disk. 

The authors find that the integrated emission of a galaxy is strongly correlated 

with its Hubble type and colour. Later-type galaxies have larger Ha + [J\II] 

equi,"alent widths than early types, and bluer galaxies have higher emission ,"(tiues 

than redder galaxies. They also find that emission among galaxies of a gin)n tYI><' 

,"aries gr('atl~". and in most cases is due to real dispersion in star fonnation (lcti,"it~". 

This adi\"i tv is olll~" weakly correlated wit h galax~" luminosity. 
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Kennicutt (1983) uses the photometric data to investigate the SFR in nonnal 

disk galaxies. He finds total SFRs ranging from 0 to 20 l\I:/YL 

This work was subsequently built on to investigate the effects of interactions 

(Kennicutt et al., 1987) and to look at star formation histories (Kennicutt et al.
l 

1994). 

1.3.2 The Universidad Complutense de Madrid Survey 

Large surveys using spectrometers or charge-coupled device (CCD) cameras can 

be very time consuming due to the small field of view that can be investigated 

at anyone time. The Universidad Complutense de Madrid survey (Zamorano 

et al., 1994, 1996), however, uses a Schmidt telescope, a low-dispersion objective 

prism and photographic emulsion to search a wide field of sky for low-redshift 

emission-line galaxies (ELGs). 

The UCM instrument set-up limits the survey to z ;:;;, 0.045. Gallego et al. (1995) 

report the detection of 264 ELGs in an area covering 471.4 square degrees. More 

than half of the sample (138 objects) do not appear in any published catalogue. 

Follow up imaging has been published in Vitores et al. (1996a) and Vitores et al. 

(1996b). In Vitores et al. (1996a), a Hubble type was attributed to each UCM 

galaxy. In Vitores et al. (1996b), the statistical properties of the sample were 

analysed. The UCM survey is shown to select objects fainter (in apparent magni

tudes) than those of colour surveys, and in terms of absolute magnitudes, it also 

detects objects intrinsically fainter than those found by other selection techniques. 

The morphological distribution of the sample is dominated by late-type galaxies 

(66% being Sb or later) with rv10% presenting typical parameters of E-SO t~·pes. 

and a further rv10% being irregulars. This result is a consequence of the l'C\I 

slln'('~T-selection technique - galaxies were selected by the presence of emission 

fCll tnres. Nine blue compact-dwarf galax~' candidates were also detected. 

Gall('go d al. (1996) present follow up spectroscopy. This provides redshift in-
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formation, plus optical reddening estimates, line fluxes and equiyalent ,,"idth:-;. 

Gallego et al. (1997) use these data to find that, in the Coma field. Ha ELG:-; 

are considerably less clustered than the normal population. This indicates an 

environmental dependence of SFR on galaxy density. 

Gil de Paz et al. (2000) use near-infrared J and K imaging of 67 CC'\I galaxies 

to identify two separate classes of star-forming galaxies in the sample. The first 

are low-luminosity, high-excitation galaxies (Hrr-like). The second are relati,"el~" 

luminous spiral galaxies (starburst disk-like). The HII-like galaxies show higher 

star formation rates per unit mass and lower stellar masses than the second class. 

Since the sample was Ha selected, Gallego et al. (1995) were able to use the 

CCM results to plot an estimated Ha luminosity function for the local Universe. 

Integrating over all Ha luminosities they determine the current SFR density of 

the local Universe to be 0.013±0.001 M8 yr- I Mpc-3 in star-forming galaxies with 

EW(Ha+[NII]»l.O nm (for Ho=50 kms-IMpc- I and a Scalo IMF). 

1.3.3 Young et al. (1996) 

Young et al. carried out a major CCD imaging survey USIng a small (0.9 lll) 

telescope. One hundred and twenty spiral galaxies were observed in Ha and R in 

order to determine the distribution of star formation within the galaxies and the 

total continuum-subtracted Ha flux of each one. 

The galaxies were chosen from a sample of 300 observed as part of the Five College 

Radio Astronomy Observatory (FCRAO) Extragalactic CO Survey (Young et al.. 

1995). The parent sample covers a wide range of Hubble types (SO-1m), optical 

diameters (4-100 kpc), environment (pairs-clusters), and isolated and merging 

systems. It is neither complete in a flux-limited sense nor in a volume-limited 

S('llS(" but was chosen to span a wide range of parameter spac('. 

The 1:20 galaxies ilnaged in Hn are weighted towards large, early-type spirals, with 

.iust 18 Sni-Sdm galaxies. and onl~' 8 irregulars. A full range of ell\-ironlll('llh is 
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covered, including 43 Virgo cluster members and 6 close pairs. J\Ierger remnants 

and peculiar galaxies are also investigated. 

The authors find a small, but significant, variation in the mean Ha surface bright

ness for spiral galaxies along the Hubble sequence; the Sd-Irr galaxies exhibit a 

mean Ha surface brightness 1.4 times higher than the Sbc-Scd galaxies, and :2-3 

times higher than the Sa-Sb galaxies. They find that the mean efficiency of high

mass star formation (i.e. the rate of star formation per unit mass of molecular 

gas) in this sample of spiral galaxies shows little dependence on morpholog~' for 

galaxies of types Sa to Sed, although there is a wide range in star formation 

efficiencies within each type. Galaxies in disturbed environments (i.e. strongl~' 

interacting systems) are found to have a mean star formation efficiency t"..J 4 times 

higher than isolated spiral galaxies, uncorrected for extinction. 

Koopmann et al. (2001) add to the Virgo observations to produce an atlas of Ha 

and R images and radial profiles for 63 bright spiral galaxies in the cluster. The~' 

discover a population of Virgo galaxies with active star formation in circumnuclear 

regions, but no other disk star formation. They label these truncated star-forming 

disks 'St' galaxies. These will be discussed further in Section 7.2. 

1.4 Other methods of calculating star formation 

rates 

Early SFR measures were based on synthesis modeling of broadband colours. This 

method is still applied to multicolour observations of faint galaxies, though nowa

days, most information on the star formation properties of galaxies comes from 

the integrated light measurements in the ultraviolet, far-infrared (FIR), nebular 

rccombination lines (including Ha), or from radio-continuum measurenlents. 
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1.4.1 Integrated colours and spectra; synthesis modeling 

Very faint or high-redshift galaxies cannot always be resolved from the ground. 

Virtually the only source of information on the stellar populations of these galax

ies comes from their integrated spectra or colours. Kennicutt (1992) has compiled 

a reference library of spectra for galaxies of different types and shown that the 

integrated galaxy spectra for different Hubble types show different features (see 

Figure 2 of Kennicutt 1992). 

Whilst the spectra contain contributions from a full range of stellar types, the 

visible wavelengths are dominated by the intermediate main-sequence stars (A to 

early F) and G-K giants. The integrated colours and spectra of normal galaxies 

will, therefore, provide information on the ratio of young « 1 Gyr) to old (3-

15 Gyr) stars in the galaxy. The observed colours can hence be used to estimate 

the mean SFR over the past 108-109 years. 

To relate the observed quantities in any of the measurement techniques described 

here to the SFR of a galaxy, a synthesis model is required. This uses stellar

evolution tracks, combined with stellar-atmosphere models or spectral libraries 

to derive the broadband luminosities or spectra for various stellar masses as a 

function of time. The individual templates are weighted using the IMF and 

combined to synthesise the spectrum or colours of a galaxy with an arbitrary star 

formation history. The most commonly used models for star-forming galaxies 

include those of Bruzual & Charlot (1993), Bertelli et al. (1994), and Fioc &. 

Rocca-Volmerange (1997). 

The synthesis model provides a relation between the SFR per unit mass or lumi

nosity and the integrated colour of the population. 

The disadvantages of using integrated colours to derive SFRs are that the~· are 

r('lat.in\l~" imprecise and prone to s~"stematic errors. The main sources of t lH's(' 

errors are due to reddening, or an incorrect IMF, age or lllctallicity assumed for 

the star formation region (Larson k Tinsle\", 1978). The lnethod is still useful 
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for comparing the average star-forming properties of a large sample of galaxies 

where absolute accuracy is not required. 

1.4.2 Ultraviolet continuum 

At UV wavelengths, the integrated spectrum is dominated by hot, young stars. 

Thus, SFR will scale approximately linearly with luminosity between 125 and 

250 nm. This wavelength range falls longward of the Lya forest~ but short of the 

wavelengths where contamination from older stellar populations becomes signifi

cant (Kennicutt, 1998). This region can only be observed from the ground in the 

redshifted spectra of distant galaxies at z rvl-5 (see e.g. Steidel et al. 1999). 

Local galaxies can be studied using balloon, rocket, and space experiments (see 

e.g. Bell & Kennicutt 2001). The GALaxy Evolution EXplorer (GALEX) satel

lite, due to be launched shortly, is a NASA UV imaging and spectroscopic survey 

mission designed to map the global history and probe the causes of star formation 

and its evolution over the redshift range 0<z<2 (Bianchi & the GALEX Team, 

1999). 

Synthesis models are again used to convert UV flux over a gIven wavelength 

interval into SFR (see e.g. Madau et al. 1998). 

The primary advantage of using UV is the direct relationship with the photo

spheric emission of the young stellar population. This method can also be ap

plied to star-forming galaxies over a wide range of redshifts, and thus used to 

investigate the cosmological evolution of SFR with lookback time (Madau et al., 

1996, 1998). 

The main disadvantage is that UV is very sensitive to extinction, with t~·pi("al 

corrcctions between 0 and 3 magnitudes (mag) (Buat, 1992; Buat ~ Xu, 1996). 

This lllethod is also sensitive to the form of the IMF used since the illtegrated 

spcctrum in the 150-250 nm range is dominated by stars with masses abo\"() 5 :\I.). 

To determine the total SFR of t he galax~' therefore requires a large extrapolation 
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to lower stellar masses. 

1.4.3 Far-infrared continuum 

Inter-stellar dust within galaxies is heated by the absorption of a large fraction of 

the bolometric luminosity emitted by the stars, particularly the UY emission from 

the hot, young population. The absorbed radiation is re-emitted in the thermal 

infrared (IR) at wavelengths of roughly 10-300 f.lm. Thus, the FIR emission from 

a galaxy can be used to trace star formation. IRAS was launched in 1983 and 

has provided FIR fluxes for over 30,000 galaxies (Moshir et al., 1992). 

The optical depth of the dust in the galaxy and the exact contribution of the 

young stars to its heating both determine the extent to which the FIR can be 

used to detect star formation. The situation is complicated and can vary, not 

just between galaxies, but also between the disk and the circumnuclear regions of 

a normal spiral galaxy. The relation between global FIR emission and the SFR 

of a galaxy has caused much controversy. This topic will be explored in Chapter 

6. 

A good correlation has been found, however, between the FIR luminosity of late

type star-forming galaxies (where young stars are expected to dominate the dust 

heating) and other star formation tracers such as the UV continuum and the Ha 

emISSIOn (see e.g. Sauvage & Thuan 1992; Buat & Xu 1996). For early-t~rIW 

galaxies, the UV and Ha emissions are found to be low compared to the FIR 

luminosity. 

As well as the ambiguities surrounding the calibration of FIR luminosit? to SFR, 

another problem is, again, the sensitivity to the IMF. On the other hand, FIR 

obseryations suffer very little from extinction effects and are also considered the 

ultimate SFR tracer in dense, dust~· circumnuclear starbursts where t IH' ~'ounR 

stars donlinate the radiation field throughout the UV-visible and the dust opacity 

is high. 
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1.4.4 Recombination lines 

As well as measurements of the Ha line, other recombination lines. including 

H,B, Pa, P,B, Bra, and Brr have been used to probe the young, massive stellar 

population. These nebular lines are produced in a similar way to the Ha line, 

and thus provide a direct probe of the young stellar population. 

The choice of stellar evolution and atmospheric models used to find the relation

ship between the ionising flux and the SFR results in a variation of '"'-'30% in the 

published calibrations (see e.g. Kennicutt 1983; Gallagher et al. 1984; Kennicutt 

et al. 1994; Leitherer & Heckman 1995; Madau et al. 1998). 

The most important source of systematic error in Ha derived fluxes is extinction. 

This is particularly strong in the dense HII regions in circumnuclear starbursts. 

The near-IR Paschen or Brackett recombination lines can be used to reliably 

measure the SFR in these regions (see e.g. Puxley et al. 1990; Ho et al. 1990; 

Calzetti et al. 1996). However, these lines are typically 1-2 orders of magnitude 

weaker than Ha, and can be very hard to detect for all but the highest surface

brightness HII regions. 

Higher-order recombination lines, such as the n = 54 --7 53 transition of atomic 

hydrogen (H53a) (Puxley et al., 1989) can also be used to investigate star for

mation by following the same method. 

For bidden lines 

For distances beyond z '"'-' 0.5, the Ha emission line is redshifted out of the visible 

window. A bluer emission line is therefore desirable to trace star formation ill 

more distant galaxies. The H,B and the higher-order Balmer emission lines are 

strongly influenced by stellar absorption and too weak to be used to quantif~' 

SFR. 

Thc [OII],\3727 forbidden-line doublet is the strongest feature in the blue. Forbicldell

linc hUllillosi tics are not directl~· correlated to the ionising CY flux from the ~'Ollllg 
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stars and are also sensitive to the abundance and ionisation state of the gas. Since 

the excitation of [011] is sufficiently well behaved: however. it can be calibrated 

empirically using Ha and used as a quantitative measure of the SFR of a galaxy. 

[011] emission has been used to investigate several large samples of faint galaxies 

out to redshifts of rv l.6 (Kennicutt, 1992; Cowie et al.. 1996: Ellis, 1997). 

The [011] fluxes must be corrected for extinction, remembering that the Ha mea

surements used for calibration will also be affected. The variation of the mean 

[OII]/Ha ratios in individual galaxies will lessen the precision of the derived SFRs. 

The forbidden line fluxes, however, are useful for looking at the large-scale, star

forming properties in samples of distant galaxies and can also be used as a con

sistency check on SFRs derived in other ways. 

1.4.5 Radio-continuum measurements 

Condon (1992) has shown that there is a tight correlation between the FIR lumi

nosity of a galaxy and the l.4 GHz radio power. The l.4 GHz radio-continuum 

emission is believed to be mainly due to synchrotron radiation produced by rela

tivistic electrons accelerated by supernovae (Biermann, 1976; Kirk et al., 1994). 

The implication is that both the FIR and the radio-continuum emission from a 

galaxy are consequences of ongoing massive-star formation. 

Decimetric radiation does not suffer significant extinction. It does, however, 

rely on the hypothesis that the radio luminosity is directly proportional to the 

supernova rate. The correlation with FIR supports this, though comparisons 

with Ha and U-band predictions (see below) might be seen as evidence against 

it (Cram et al., 1998). 

Radio selection of candidate galaxies will preferentially reyeal objects with high 

rates of current star formation. There is a potential problem that the l.--1 G Hz 

hUIlinositi('s might be contaminated by radio emission arising from a llll<'lear '(,ll

gine', l'<l ther than star formation. These are generally found in bright elliptical 
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galaxies, often with red colours, however, whereas star formation investigations 

generally tend to focus on spiral or blue-peculiar galaxies. Optical obseryations 

can be used to confirm that the galaxy is not host to one of these nuclear ·mon

sters' . 

1.4.6 Comparisons of different methods of measuring SFR 

Cram et al. (1998) have made an empirical check of the utility of seyeral different 

measures of current SFRs in galaxies using a sample of nearby galaxies for which 

the radio-flux density and several other indicators were available. They plot 

values of SFR from radio power against SFR from 60 f..Lm FIR luminosities, 

Ha luminosities and U-band ultraviolet magnitude (see Figure 1.1). They have 

adopted consistent initial mass functions, models for the time-dependence of the 

SFR, and models of stellar-population evolution. 

The plots indicate that there is a broad agreement between the various SFR 

indicators. The tightness of the radio/FIR correlation over more than 4 orders 

of magnitude is well demonstrated here. 

The radio versus Ha plot shows substantially more scatter. Estimates of the 

SFR from Ha data tend to lie about a factor of 10 above the trend defined by 

the 1.4 GHz/60 /-Lm estimates when SFR ~0.1 M0 yr-1, and about a factor of 

10 below the trend when SFR ::G20 M0 yr- 1
. This can also be seen in Figure 8 

of Young et al. (1996) and Figure 1 of Devereux & Young (1990). The deviation 

at low values of SFR is related, in part, to the difficulty in determining the 

z('ro-point level for Ha emission from Hn regions in the presence of stellar Ha 

absorption. The escape of cosmic rays from galaxies with weak star formation 

(Condon et al., 1991) could also cause an underestimate of the SFRs based on 

the radio luminosities. 

"~\t high luminosities, the offset and the scatter could be caused by t he large 

;unount of ('xtinction in those objects undergoing the most yigorous star fOfmCl-
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year f publication (see Cram et al. 1998). 
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tion, from the absorption of the Lyman photons by dust, or from uncertainties in 

the IMF (Cram et al.~ 1998). The deviation could also be caused by contributions 

incorrectly accredited to star formation in the 1.4 GHz measurements. 

The U-band plot also displays considerable scatter with respect to the radio 

estimates. Again, the UV SFR estimates are higher at low SFR and lower at high 

SFR. The low SFR values toward the right of the figure could reflect enhanced 

extinction in vigorous starbursts. The over-estimate on the left side of the figure 

could be due to U-band light emitted by old stellar populations as well as the 

newly-forming stars. The large scatter could again be a result of the uncertainties 

inherent in using the radio data as a measure of SFR. 

1.5 Aims and layout of the thesis 

This thesis has two maIn alms: to introduce the Ha Galaxy Survey (HaGS), 

and to use the results from this survey to investigate star formation in the local 

Universe. 

HaGS is a major Ha imaging survey of over 300 spiral and irregular galaxies 

in the local Universe. It consists of the largest and most representative optical 

sample of nearby star-forming galaxies to date, and will be described in more 

detail in the next chapter. It was proposed in order to address the following 

questions: 

• What is the total star formation rate in the local Universe? How does this 

compare to the values at higher redshift and the theories of evolution of 

cosmological SFR with look-back time (Madau et al.. 1996, 1998; Steidel 

<'t al.. 1999) '? 

• \rhich galax\' types and morphologies dominate? \Vhat fraction of the total 

star formation l()call~' can be found in faint, dwarf galaxies. cOInpared 1 (I 

large. bright spirals? 
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• Does nuclear activity (star formation or active galactic nuclei (AG I\)) de

pend on galaxy properties and environment? 

• What is the star formation distribution within galaxies? Can densit~· ,,,aye 

theory explain the distribution? Where does star formation occur with 

respect to the bulge, bar and disk, spiral arms and rings? 

• How does environment (groups, clusters, interacting pairs, mergers, etc.) 

affect star formation rate and distribution? 

The following chapters will attempt to answer many, but not all, of these ques

tions. The remainder will be left as further work. 

In this chapter we have looked at some of the motivation for studying local star 

formation, discussed the different techniques by which this may be done, and 

summarised three of the main previous studies. In Chapter 2, the Ha Galaxy 

Survey will be presented in detail, along with the selection criteria and details of 

the resulting observed sample. Chapter 3 will outline the observational technique 

and the data-reduction process. In Chapter 4, some of the main non-astrophysical 

sources of error involved in calculating Ha SFRs will be investigated. Chapter 5 

will focus on the two main astrophysical sources of uncertainty which have already 

been mentioned in this chapter: extinction and [NIl] contamination. FIR SFRs 

will be calculated using IRAS fluxes in Chapter 6. These will be compared with 

the overlapping results from our Ha study. In Chapter 7, some of the questions 

concerning star formation distribution will be tackled. Concentration indices will 

iw used to look at large-scale distributions of young and old stellar populations. 

An cxa,mination of the distribution of star formation in strongly-interacting and 

highly-disturbed galaxies will be included, as will an investigation into the relation 

between nuclear bars and the star formation associated with them. Chapter 8 will 

deal with star formation dependencies, in particular, on morphology. enyirOnrrwllt 

<llld g<llax~- luminosit~,. In Chapter 9, the total SFR of the local U ni,-ers(\ \\'ill 

1)(' calculated and compared to higher-redshift results. The ('ontributiolls frOIIl 

different types of galax~- to this ,'alue will be derin\d. Chapter 10 \\'ill sllmnlarise 
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the findings and conclusions of this thesis, as well as describing related studies 

currently in progress, and providing suggestions for future work. 

In the remainder of this work, unless otherwise specified, Ha fluxes, EWs and 

surface brightnesses are taken to include the [Nn] doublet contribution. A Hubble 

constant of 75 kms-1 Mpc-1 is used throughout. 



Chapter 2 

The Ha Galaxy Survey 

The Ha Galaxy Survey is the largest and most comprehensive optical study of star 

formation in the local Universe to date. The 1.0 m Jacobus Kapteyn Telescope 

(JKT), part of the Isaac Newton Group (ING) of telescopes situated on La Palma 

in the Canary Islands, was used in conjunction with redshifted Ha filters and the 

Harris R-band filter to determine the quantity and spatial distribution of ionised 

gas in 334 spiral and irregular galaxies within 30 h- 1 Mpc. 

2.1 Sample selection criteria 

The HaGS sample was selected using the Uppsala Galaxy Catalogue (UGC; Nil

SOIl 1973) as the parent catalogue. The UGC contains essentially all galaxies to 

a lirniting diameter of 1.0' and/or to a limiting apparent magnitude of 1""=.0 on 

the blue prints of the Palomar Observatory Sky Survey (POSS). It was chosen 

for its inclusion of all Hubble types (including relatively low-surface-brightness 

dwarf galaxies) and because it provides full northern-sky coverage (all declinations 

> -2.5°). The galaxies are ordered by 1950 Right Ascension. 

85% of all UGC galaxies now have measured recession velocities. which an' esst'll

tied for (";li('ulating the redshifted wa\'l'length of the Het linc. The remaining 15Vr. 

18 
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therefore, cannot be selected for our study. This represents a possible source of 

bias which should be kept in mind when interpreting the results. 

Selection from the UGC was performed using the NASAjIPAC Extragalactic 

Database (NED) 1 'Advanced All-Sky Search For Objects By Parameters' facilit~·. 

The galaxies were grouped into 5 recession velocity shells: 0-1000 kms- 1, 1000-

1500 kms- I
, 1500-2000 kms-I, 2000-2500 kms-I, and 2500-3000 kms- I . Onl~' 

galaxies with D25 diameters in the range 1.7-6.0' were selected. The upper lilnit 

ensured that all galaxies would fit on the JKT CCD field. The different shells 

effectively sample different parts of the galaxy diameter function. The central 

shell is dominated by the low-luminosity dwarf 1m and Sm galaxies, but excludes 

the intrinsically-larger galaxies that exceed the upper-D25 limit at the lowest 

redshifts. These, rarer, SOja-Sc galaxies are sampled more thoroughly in the 

outer shells, whilst the faint, dwarf galaxies fall below the observational detection 

threshold at larger distances. 

Only spiral and irregular galaxies, with Hubble types from SOia to 1m inclusive, 

were chosen. Early-type galaxies (E-SO) were demonstrated by Kennicutt & Kent 

(1983) to show virtually no detectable star formation at all. The spectra for these 

galaxies, shown in Figure 2 of Kennicutt (1992) are dominated by absorption 

features, with no sign of Ha emission. Given this evidence, and the fact that 

early type galaxies are known to be gas poor and, therefore, unable to generate 

Hew stars, there is little point in trying to observe star formation through Ha 

observations of ellipticals and SO galaxies. 

If a dust-filled disk galaxy is viewed in an edge-on orientation, the flux emitted 

£'rmn stars and HII regions typically has to pass through a longer column of the 

galax~"s dusty ISM to reach us (Binney & Merrifield, 1998). The light is thell 

Illore likely to be absorbed or scattered out of the line of sight before reaching 

the telescope, and WE' are likely to drastically underestimate the SFR of the 

gaLlx~·. To prevent observations of highly-inclined galaxies, a selection criterion 

1 http://nedw\\'w.ipa.c.caltech.edu/ 
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was, therefore, added to ensure that the major-to-minor axis ratio of all spiral 

galaxies was less than, or equal to 4.0. 

The final selection criterion was to only select galaxies situated more than 20c in 

Galactic latitude away from the plane of the Galaxy. This was to avoid contam

ination of the observations by large numbers of foreground stars, and excessive 

Galactic extinction. 

The result of these selection criteria was a pre-observation sample containing 233 

galaxies in the first redshift bin (0-1000 kms- 1
), 203 in the 2nd, 169 in the third. 

128 in the 4th and 102 in the final bin (2500-3000 kms- 1
), giving a total sample 

size of 835 galaxies. 

Whilst the parent catalogue was the UGC, it should be noted that all galax~T 

details (classification, recession velocity, major- and minor-axis diameters) used 

in the selection are those quoted by NED. The majority of these values come from 

the Third Reference Catalogue of Bright Galaxies (RC3; de Vaucouleurs et al. 

1991). 

2.2 Statistics on the main observing time 

The Ha Galaxy Survey was originally awarded 98 nights of observing time on the 

JKT. This was rounded up to 100 after 2 extra nights were added as 'payback' 

for overrides by other projects. This time was distributed in approximately 7-12 

night blocks between February 2000 and January 2002. No less than 10 members 

of the HaGS consortium assisted with the observations. 

Of these 100 nights, 78 produced usable data for the project. The remaining :2:2 

were weathered out completely. Fifty-two of the nights were considered phot()

Illetric after ('xamination of standard stars and comments logged b~' the obs('n"(\r 

on the night. 
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2.3 The final observed sample 

A total of 313 galaxies were observed which strictly obeyed the selection criteria 

in Section 2.1. In addition 5 extra UGC galaxies were observed below the D25 

limit. Two of these were 'bonus' galaxies which happened to be in the field of 

view of a sample galaxy and the other 3 were observed as a result of an earlier 

lower limit of 1.5'. Two galaxies with D25 > 6.0' were observed - one as a bonus 

galaxy. The other exceeded the size limit only after an update on NED. Three 

galaxies which exceeded the inclination limit were also observed, 1 bonus and 2 

due to human error in the preparation of the selection sample. The latter was also 

responsible for the observations of 4 galaxies situated too close to the Galactic 

plane. Finally, a further 7 non-UGC galaxies were all observed as bonuses in the 

fields of other galaxies. Six of these fell below the D 25 > 1.7' criterion. 

The grand total of observed galaxies is 334. All 334 galaxies were fully reduced 

to produce SFRs and Ret equivalent widths (see Chapter 3). 

In Figure 2.1 the morphological makeup of both the parent sample (empty his

tograms) and the observed sample (filled histograms) is shown. The x-axes display 

the galaxies' T-types (where T is as defined in RC3, Volume I, de Vaucouleurs 

et al. 1991, such that T=O represents an SOia galaxy, T=l is an Sa galaxy, and 

so on up to T=10 for 1m classifications). The first 5 plots show the breakdown 

for each redshift shell. The final plot combines the data for the entire sample. 

The predominance of the Sm (T=9) and 1m galaxies at low redshift can clearly 

be seen, as can the emergence of the Sc (T=5) class as the dominant detectable 

galaxy type at higher redshifts. The final plot in Figure 2.1 shows that these Sc 

galaxies have been undersampled in the observations. Account of this bias will 

be taken when the total star formation rate of the local Universe is calculated in 

Chapter 9. 

Figure 2.2 shows the distribution of galaxy diameters in the original sample 

(empty histograms) and the observed sample (filled histograms). These diam

eters represent the intrinsic sizes of the galaxies in kpc. They are converted from 
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the D25 major axis values quoted on .r\ED (in arcminutes): using distances cal

culated for each galaxy from the NED heliocentric recession velocities and a Yir

gocentric infall model with Ho=75 kms- 1 Mpc- 1 (see Section 3.11). As expected. 

the lowest-redshift shell samples the smallest galaxies, whereas the intrinsicall~" 

largest objects are found in the higher-redshift bins. The final plot shows the 

distribution for the entire sample and demonstrates that there is yery good ('0'"

erage of the previously undersampled dwarf population. The modal galaxy sizes 

of f"V 15-25 kpc are somewhat under-represented in the observed sample. 

Sections 7.2 and 8.3 will investigate the effects of environment on star formation. 

Out of the 334 observed galaxies, 15 are listed by Binggeli et al. (1985) as being 

members of the Virgo Cluster. Virgo galaxies were generally avoided during the 

.JKT observations to focus on field galaxies. A separate, complementary study of 

the cluster, using fields defined for the Isaac Newton Telescope (INT) Wide Field 

Survey programme of .J. Davies et al., is in progress, but is beyond the scope of 

this thesis. 

Sixty of the observed galaxies are members of galaxy groups, as defined by Huchra 

& Geller (1982). This includes an overlap of 7 with the Virgo members. Twenty

nine galaxies (including the bonus galaxies) form optically-close pairs, in the 

sense that they appear in the same field of view. The odd number is due to 

UGC3740 forming a pair with UGC3798. The latter is classified as an SO galaxy, 

and therefore not included in the sample. There is an overlap of 7 galaxies with 

the group members. Five of the pairs are interacting as defined by the notes 

published on NED (which in turn come from the UGC and RC2). 

(hlC hundred and seventy-five of the 334 galaxies are classified as showing evidence 

of a bar (76 SAB and 99 SB types). 

Fillally, the distributions of absolute R-band magnitudes are shown in Figure 

~.3 for the observed galax~" sample. These magnitudes are calculated from the 

llH'i\.Sured R-band fluxes (see Section 3.6) and using the distallces calculated for 

('(1('11 g(di\.x~· ill Scction 3.11. A.s expected. olll~" intrinsicall~"-bright galaxies an' 
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detected in the high-redshift bins. The vast majority of the observed galaxies 

with magnitudes fainter than -17.5 are to be found in the innermost shell. These 

data show that a wide range of luminosities are represented in this survey. 
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Chapter 3 

Observations and Data Reduction 

3.1 The telescope, instrumentation and filters 

The primary observations for the HeY Galaxy Survey were carried out on the l.0 m 

Jacobus Kapteyn Telescope situated on La Palma (see Figure 3.1). The facility 

2048 x 2048 pixel SITe CCD camera, with 0.33" pixels was used. This gives a total 

field of view of over 11 x 11 arcminutes, of which the central 10 x 10 arcminutes 

are unvignetted. The CCD has a good quantum efficiency (>60%) in the R-band, 

and a read noise of about 7 electrons. 

The filters used for this project are listed in Table 3.l. The h6570 filter was 

used to observe the HeY line from galaxies with recession velocities less than 

950 kms-I. For the range 950-2150 kms- I , the h6594 filter was used. For the most 

highly redshifted galaxies, either the h6607 or the h6626 filters were employed, 

the latter proving to be of better quality. The redshifted HeY filters and the R

band continuum filter are from the standard ING filter set, whereas the HeYCont 

filter is an off-the-shelf item purchased for this project. The benefit of using this 

filter is that it accurately samples the galaxy continuum flux close to the HeY line, 

but has a broader bandpass than the narrow HeY filters, thus reducing the tilll(, 

()\'(Thead ill taking continuum observations compared with using 'off-line' nalTO\\' 

.).-- , 
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Figure 3.1: The Jacobus Kapteyn Telescope 

Ha filters. The bandpass of the HaCont filter is narrower than the R-band filter, 

giving it an advantage when observing during bright-sky conditions (moonlight 

or dark twilight). For fully-dark skies, however, the R filter provides excellent 

continuum subtraction for much shorter exposure times. The HaCont filter is, 

therefore, not necessary under these conditions. 

3.2 The observations 

The raw data returned from the telescope comprised of: 

• Bias frames - ideally taken at the start and end of every night . 

• Sky flats - ideally taken during astronomical twilight at the start and end 

of every night. A minimum of three non-saturated exposures of blank field 

in ach fil t r used were reg uired. 



3.3. Data reduction 

Filter name Central wavelength (nm) Passband width (nm) 
Harris R (R) 637.3 149.1 
Ha6570 (h65 70) 657.0 5.5 
Ha6594 (h6594) 659.4 4.4 
Ha6607 (h6607) 660.7 5.0 
Ha6626 (h6626) 662.6 4.4 
HaCont (C) 647.1 11.5 

Table 3.1: The Ha and continuum filters used during the Ha Galaxy Survey. The 
name in brackets indicates the abbreviation by which each filter will be referred 
to throughout the rest of this work. 

• Photometric standards - ideally taken throughout the night in the R

band filter to monitor the photometric conditions. 

• Spectrophotometric standards - ideally taken at the start and end of 

each night. 

• Galaxy images - one 300 s exposure through the broadband Harris R

continuum filter, three 1200 s exposures through the appropriate redshifted 

Ha filter and, during bright-sky conditions, three 600s exposures through 

the HaCont filter. 

3.3 Data reduction 

The majority of the data reduction was performed using the Starlink package 

CCDPACK with the rest making use of the Starlink KAPPA and FIGARO pack-

ages. The relevant commands were assembled in a set of executable scripts. This 

enabled the time spent on data reduction to be reduced as well as ensuring that 

the data were treated in an objective and reproducible way. 

For each night's data, a master bias frame was created from a weighted median 

of all the bias frames taken on that night. This master bias was oTi:lt('d with a 

lll(,;)ll value of zero, and was then used, in conjunction with the bias strips OIl 

('ilch frallH', to debias these framps. In some cases, objects had been obs('rv('d 
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with the CCD windowed to improve redout time. These images mostly did not 

include bias strips. In these instances, a subset was produced of each of the 

individual bias frames so as to include the same region of the chip readout as 

found in the object images. These were combined without setting the mean to 

zero and subtracted directly from the object images. 

Flatfield frames were created by taking a weighted median of all the sky-flat 

frames taken through each filter in a night. The gamma factor (the number of 

standard deviations by which a value has to deviate from the local mean before 

it is considered to be in error) was set to a value of 10. Aberrant pixels were 

removed. For images observed with a windowed CCD, separate flatfield frames 

were produced from the appropriate subsets of the sky-flat frames. 

Each galaxy and standard star image was flatfielded using the appropriate flatfield 

frame. In cases where usable sky flat frames had not been obtained on a particular 

night, most often due to poor weather conditions at twilight, the flatfield frames 

from the nearest available night were used. 

The debiased, flatfielded frames for each galaxy were then registered through an 

object-detection algorithm in CCDPACK. A linear transformation was performed 

on the frames to improve alignment. The multiple galaxy exposures taken through 

the redshifted Ha filters and the HaCont filter were mosaiced into one image. 

This improves signal-to-noise and also removes contamination by cosmic rays. 

The galaxy and standard star images were all normalised to 1 s. The galaxy 

continuum images were also scaled relative to the appropriate Ha-filter widths. 

The scaling factors were calculated from the comparisons of either unsaturated 

foreground stars, or standard stars through the different filters. The values were 

cOlnpared with those found by integrating under the filter profiles supplied b~' 

the INC (see Section -4.4). 

The scaled continuum images were subtracted from the Ha-filter images to "ield 

the continllulll-free Ha emission. Slight adjustments to the alignments of till' 

(,()lltillUUlll and Hn-filter images were made b~' hand to obtain the best results. 
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3.4 Photometric calibration using standard stars 

Aperture photometry for photometric standard stars was performed using the 

Starlink GAIA package. A circular aperture with a radius of 20 pixels was placed 

around each photometric R-band standard. The sky background was subtracted 

using values, either from an annular region around the star, or from a circular 

region nearby if the former was not practical. The instrumental magnitude, m;, 

for a star with k sky-subtracted counts per second is given by: 

mi = -2.510g k (3.1 ) 

For each star, this instrumental magnitude was then compared, either with the 

catalogued magnitude, me from Landolt (1992), or, for stars not included ill 

the catalogue, with a value derived from a night that included Landolt standards 

and/or previously calibrated stars. The zeropoint, Z, for a given star is calculated 

using the equation: 

Z = me - mi - 0.08(AM - 1.0) (3.2) 

The last part of this equation corrects for the aIrmass, AM, of the star (see 

Section 5.2). An attempt was made to calculate the airmass coefficient using 

the data provided by the standard stars observed during the Survey. Plots of 

(me - mi) against airmass failed, however, to provide a clear correlation due to 

the narrow range of airmasses investigated. The plots were consistent, though. 

with the value of 0.08 mag/airmass that is quoted by the ING website I for the 

cClltral wavelength of our R-band filter. 

The rnean value of Z for all the photometric standards on a given night is t ak(,ll 

as the zeropoint for that night. 

1 http://www.ing.iac.es/ 
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3.5 Photometric calibration of galaxy images taken 

on non-photometric nights 

For observations taken on non-photometric nights, a further R-band image was 

subsequently taken for each galaxy during a night in which the conditions were 

considered to be photometric. These R-band images were reduced and scaled to 

the relevant Ha-filter width. 

Ten stars were selected from the vicinity of the galaxy. Aperture photometry was 

performed on these stars to yield the number of counts detected per second from 

each star in both the photometric and non-photometric observations. Employing 

Equations 3.1 and 3.2, and using the fact that the stars' catalogued magnitudes 

remain the same for both the photometric and non-photometric measurements, 

we calculated a zeropoint, Znp, for each non-photometric image: 

(3.3) 

Zp is the zeropoint for the night on which the photometric image was observed, 

AMp and AMnp are the airmasses for the photometric and non-photometric ob

servations respectively, and knp / kp is the mean ratio of the counts per second for 

the 10 stars in the two frames. 

This equation was applied to the images taken through both the continuum filters, 

and the narrow-band Ha filters. As the conditions were not photometric. the 

zeropoints often varied between the observations taken with different filters. The 

difference between the zeropoints was used to scale up the continuum image so 

t.hat. it matched the image taken through the Ha filter. This scaled continuum 

\Vas then sllbtracted from the Ha-filter image to give a calibrated image with the 

zeropoint of the latter. 
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3.6 Calculating galaxy fluxes 

For each reduced galaxy image we used the Object Detection function in GAIA 

to find all the stars and galaxies in the frame. These were then removed and 

a surface fit was made to the remaining background using the surfit command 

in KAPPA. This surface fit was subtracted from the original image, removing 

any gradients and smoothing out the background. An eleventh-order polynomial 

surface fit was found to produce the best results. Lower-order polynomials do 

not fit to the corners of the images as effectively, whereas spline fits do not give 

the same overall flatness, often generating an oscillating pattern. 

The stars in the resulting frame were then removed. In the first attempt, a 

series of concentric, circular apertures were placed around the galaxy centre. 

Circular apertures were chosen first due to their simplicity over ellipse fitting, 

whilst still measuring the radial distribution of a galaxy's flux. They are also 

more appropriate for irregular and peculiar galaxies which do not have an elliptical 

shape. Locating the centre of a galaxy was performed using the R-band image. 

For an undisturbed spiral galaxy this was usually a simple case of centroiding 

on the nucleus. For irregular and disturbed galaxies were there was no obvious 

nucleus, a degree of personal discretion was often required as to the location of 

the' centre. 

Typically 30-60 apertures were taken so as to cover the entire galaxy and reach 

well out into the background. The flux in counts/s was calculated in each aperture 

with sky subtraction determined by the mean values from the outer 10 annuli. 

The zeropoints derived from the standard stars, or from the processes described 

in Section 3.5, were used for calibration. 

The fOrIllllla for the conversion of flux in counts/s to flux in Wm- 2 for Ho emission 

was derived as follows: 
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kgal fgal 

ko fa 
(3.--1) 

where kgal equals the counts/s measured from the galaxy in Ha, ko is equal to the 

counts/s from a 0 mag star, fgal is the flux detected from the galaxy in vVm-2 

and fa is the flux detected from a 0 mag star through a given narrow-band filter. 

So, 

kgal = ko f Fgal,vTHodv / f FoT(v)dv (3.5) 
HO!. line profile filter profile 

where THO!. is the transmission value through the filter at the redshifted Ha fre

quency and T(v) is the transmission at a frequency v. F is the emitted flux of a 

source in Wm-2Hz-1 . For the narrow Ha line from a galaxy, THO!. is constant. For 

the 0 mag star, Fa is taken as a constant over the filter profile. The integral of 

the Ha flux over the line profile gives the total flux Fgal emitted from the galaxy 

in Ha in Wm-2 . 

If we integrate the denominator over wavelength, rather than frequency, we find 

c 
T(v)dv --+ A2 T(A)dA (3.6) 

whcrc (' is the speed of light in vacuum. 

Thp hlter-profile data files can then be used to approximate this integral. Equa

tion 3.5 can be rewritten: 
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Both denominators are functions of the narrow-band filter used. Fo can be inter

polated from a plot of flux against wavelength for a AOV star (Colina et al., 1996). 

where the wavelength taken is the effective peak wavelength of the appropriate 

narrow band filter. 

The magnitude of a star observed on a night with zeropoint Z is given by: 

m* = -2.510g k* + Z + 0.08(AM - 1). (3.8) 

So, for a star with m = 0, 

ko = 10°.4z+o.032(AM -1). (3.9) 

The zeropoints were calculated from standard stars observed through the R

filter, so Equation 3.9 gives the number of counts/s expected in the broadband

continuum filter. This value needs to be scaled by the measured ratio of the 

widths, " of the Rand Ha filters (see Section 4.4) to give the number of counts 

expected from a 0 mag star in the narrow-band filters. 

The total Ha flux of a galaxy is thus given by: 

[For I: T;;l.0..A] 
F al (H a) = A filter X 10-[0.4Z(night)+O.032(AM -1)] X C X k

gal
. 

9 TH(Afilter, redshift) 

(~).1 0) 

.\ Slllall ('OlT('ction needs to be included for galaxies where the R-band image has 
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been used for continuum subtraction, as the broad filter profile includes the Ha 

line. At 656.3 nm, the transmission through the R filter is about 6,9(. \Yhen the 

R-band image is scaled to match the Ha filter width, the effecti,'e throughput 

of the line will become 0.67 If. Subtraction of this continuum flux will therefore 

also subtract a small amount of the Ha flux detected through the narrow-band 

filters. The effective transmission of the Ha line through the narrow-band filters 

is therefore not THen but THo: - 0.67 (y. This change should be substituted into 

Equation 3.10. 

The HaCont filter does not include the Ha line in its profile. Thus. there will 

be no Ha contamination in the images taken through it. Equation 3.10 can be 

left unchanged for galaxies where the HaCont filter has been used for continuum 

subtraction. 

The continuum flux density of the galaxy (in Wm-2nm-1 ) can be derived by a 

similar method and is found to relate to the measured countsls in the following 

way: 

Fgal(R) = C x ry x 10-[0.4Z(night)+O.032(AM-l)] x kgal' (3.11) 

where C = 2.175 X 10-11 for the broad R-band filter and 2.218 x 10-11 for the 

HaCont filter. These constants take into account the flux of the 0 mag star 

integrated under the filter profile and the effective area of the profile, as well as 

the factor c. The ry factor comes in again as the photometry is carried out on 

continuum images which have been scaled to match the narrow band images. 

The lneasured fluxes in each aperture were used to plot growth curves. The total 

flux was taken as the value at which the curve flattened off at large distancps 

frOID the centre of the galaxy. The curve was said to be flat when, at distances 

well away from the centre of the galax~', three consecutive points yaried b~' less 

than 0.5%. If this criterion was not met, then ,'isual inspection ,,'as employed to 
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determine whether the curve flattened, and if so, at what point. 

3.7 Calculating star formation rates 

The Ha fluxes were converted into luminosities using distances calculated ,yith 

a Virgo centric inflow model. The model used was based on that of Schechter 

(1980) (see Section 3.11). The Ha luminosities were converted to star formation 

rates using the relationship found by Kennicutt et al. (1994): 

(3.12) 

This assumes a Salpeter IMF (Salpeter, 1955) with mass limits 0.1 and 100 M.;,. 

The Ha luminosities were corrected for internal extinction assuming a constant 

value of 1.1 mag for each galaxy (Kennicutt, 1983) and the Galactic extinction 

value given by NED. This is calculated using the all-sky maps of Schlegel et al. 

(1998) and the extinction law of Cardelli et al. (1989) (see Section 5.3). Correc

tions for contamination by the [Nn] doublet lines which lie either side of the Ha 

line were applied using the Hal (Ha+[Nn]) ratios derived spectrophotometrically 

by Kennicutt (1983): 0.75 ± 0.12 for spirals and 0.93 ±0.05 for irregulars. 

3.8 Calculating equivalent widths 

Star formation rates are biased by galaxy size. Larger galaxies are more lik('l~" 

to have more star-forming regions and emit more Ha flux. One way to remove 

this size bias is to calculate equivalent widths. The equivalent width (in nln) of 

a galax~r call be found b~" dividing the Ha flux (in \Ym-2) by the continuum flllx 

dellsity (in \Ym- 2nm- 1) at each point in the growth ClllTe. E\\" therefore gi,"es a 

1l1('ilSlllT of SFR per unit (red) luminosity, and thus helps to H'lllOH' size hias('~. 
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Since the red continuum light is dominated by the old stellar populations, E\\TS 

also normalise the star formation activity by the number of older stars in the 

galaxy. Equivalent widths are also distance independent. 

The total EW for a galaxy is taken as the asymptotic value at large radii from the 

centre of the galaxy. The EW for individual regions of interest can be calculated 

by taking the ratio of the Ha flux and the continuum flux density in an aperture 

encompassing the region. 

3.9 Calculating surface brightnesses 

An alternative, and more direct way of removing the size bias is to normalise h~· 

the galaxy surface area. For each galaxy a hybrid Ha surface brightness (with 

arbitrary units) is calculated by dividing the total detected Ha flux of the galaxy 

by the square of the R-band Petrosian radius of the galaxy. 

The Petrosian radius is defined by Petrosian (1976) and Shimasaku et al. (2001) 1 

and discussed further in Section 7.1.3 of this thesis. In short, it is defined to 

be independent of galaxy distance and photometric errors, and is the radius at 

which the local surface brightness is a given factor lower than the mean surface 

brightness within that radius. The R-band Petrosian radius is chosen over that 

found from the Ha image as the smooth profiles in the continuum light prove 

a better definition of this radius than the discontinuous profiles found from the 

discrete HII regions (see Section 7.1.3). 

3.10 Elliptical apertures 

"~fter the initial measurements made with circular apertures, the process ,,·as 

repeated for the inclined-spiral galaxies in the sample using elliptical apert1lres. 

The growth curn's were deriyed b~' assuming fixed values of the pllipticit,· alld 

position angle of each galaxy. The position angl<' was taken to be that quot eel 
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in the vec catalogue as stored on NED. The ellipticity \\'as calculated from the 

major- and minor-axis lengths quoted under RED_SIZE in the same catalogue. 

The position of the galaxy centre \yas taken to be the same as that \\'hich was 

used for the circular apertures. The same ellipse parameters \\'ere used to Ineasure 

both the continuum and the Ha growth curves. 

It was found that a larger number of apertures was required than had been 

applied in the circular case. This was in order for the sk~' background to be 

reached, particularly along the minor axis. 

Elliptical apertures are more favourable than circular apertures when it comes to 

measuring the growth curves of inclined-spiral galaxies as t he~T trace t he radial 

profiles more accurately. This is important for the calculation of concentration 

indices. 

The total fluxes and equivalent widths for the galaxies should be found to be the 

same, whether measured with circular or elliptical apertures. A comparison of 

the values calculated for the 181 inclined spiral galaxies showed that the mean 

Hn: flux ratio (elliptical aperture values / circular aperture values) is 0.969 and 

the mean ratio of equivalent widths is 1.042. This is consistent with the (,lTors 

associated with measuring the flux (see Chapter -J). 

3.11 Calculating galaxy distances 

Calculating the distances to galaxies at low redshift is a complicated task. .\ 

galax~"s peculiar velocit~T can dominate over the velo('it~· due to the Hubble ex

pallsion of the UniYerse. thus ruling out a simple application of the Hubble Law 

(Hubble. 1929): 

D = u/Ho. 
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Here D is the line-of-sight distance to the galaxy, v is its recession ,'elocity and 

Ho in the present day Hubble Constant. 

The greatest large-scale departure from the Hubble flow experienced by man~' of 

our galaxies is due to a gravitational infall motion towards the \'irgo Cluster. 

This Virgo centric flow must be modeled before distances can be calculated 

from a galaxy's recession velocity. 

The average galaxy density in a sphere centred on Virgo, reaching out to our 

Galaxy, is found to be a factor of 4 times higher than the mean universal galaxy 

density (Yahil et al., 1980). This implies nonlinear growth interior to the GaIax~·. 

thus the nonlinear Virgo centric flow model of Schechter (1980) was applied to the 

HaGS galaxies to determine their distances. The model assumes that the \ 'irgo 

Supercluster is a sphere with an inverse squared density profile (Silk, 197--1, 19(1). 

Each radial shell centred on the Virgo cluster can be treated as its own unin'rs(', 

with its own average density, p(T}), and its own Hubble constant, h(T}) (Schechter, 

1980): 

(3.1--1) 

(3.15 ) 

The variable T} (the 'arc parameter') comes from the parametric form of the open

Universe solution to the Friedmann equation (Weinberg, 1972): 

(3.16) 

lloqo ] ll(t) = . [coshT} -1. 
1 - 2qo 

(3.1 ~) 

R describes the radius of a shell at time t. where Ro IS the YaIue' of R(t) dl 
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the present instant. qo is the deceleration parameter. For the dosed-l~ ni,"erse 

solution, rJ ~ irJ· 

If rJu is the present universal value of the arc parameter and rJg is the present 

value for the shell defined by the observed galaxy, then h(rJg)/h(rJu) is the ratio 

of the local Hubble constant to the universal Hubble constant and p( rJg) / p( rJu) is 

the ratio of the average interior density to the average density of the UniYel'se. 

Schechter (1980) quotes the observed, line-of-sight. velocity of a galaxy as being: 

_ (hu X - (hu - hi) cosO - (x - cosO)(hu - hg)) 
Vobs - VVirgo h . 

9 

(3.18) 

where VVirgo is the observed recession velocity of Virgo, corrected for the peculiar 

velocity of the Sun and our Galaxy, x is the distance to the observed galaxy in 

units of the distance to the Virgo Cluster, and 0 is the angular separation between 

the galaxy and the cluster. The subscript l indicates the values of the various 

parameters which are appropriate to the Local Group. Schechter determines the 

amplitude of the peculiar velocity field at the position of our Galax~' to be given 

by (hu/ hi - l)vvirgo' In accordance with the Nearby Galaxies Catalog, (Tully, 

1988), a value of 300 kms- I is taken for this study. VVirgo is found by Tully & 

Shaya (1984) to be 1004±53 kms-I. If P(rJl)/P(rJu) is taken to be 4 (Yahil et al., 

1980), then the universal value of rJu which satisfies all these observations is found 

to be 3.27. 

If Pu is treated as a free parameter, the value of rJu can be used to define the 

glo bal parameters hu, hi, and Pl. 0 is calculated from the equatorial coordinates 

of the galaxy in question and of M87, taken to be the centre of the Virgo Cluster. 

For all possible line-of-sight distances, the corresponding distance between the 

galaxy and M87 is calculated using basic geometry, and the value of Pg for that 

separation is computed. A look-up table compiled using Equations 3.1--1 and :3.1:) 

for "al'~'illg values of rJ is used to find a yalue of hg. \Yhen the right hand side of 

Equation 3.18 is equal to the galax~' 's recession velocity. as cited OIl '\ED. thell 

the corresponding distance is taken to be that of the galax~·. 
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For lines-of-sight sufficiently close to the Virgo Cluster (within ",28 0 of :\18,. Tully 

& Shaya 1984), Equation 3.18 produces three separate distances associated with 

the same observed velocity. This triple-value ambiguity refers to two possible 

distances associated with infall (one between us and M87, and one beyond :\18,), 

and one distance where there is no contribution to the line-of-sight velocity from 

the Virgo centric infall. For galaxies suffering from this triple-yalue problem. the 

distance in closest agreement to that listed in Tully (1988) was taken. Tull~' 

(1988) used independent distance estimators or association with galaxies \\"i t h 

independently determined distances to resolve the problem. For galaxies not 

listed in Tully (1988), but defined by Binggeli et al. (1985) to be Virgo membns. 

the distance closest to that of M87 was chosen. Since the majority of triple valued 

galaxies listed in Tully (1988) were found to be located within the Virgo Cluster, 

the remaining ambiguous galaxy distances were also assigned to be that closest 

to M87. 

Galaxies with blueshifts, or very small redshifts (v < 30kms-1
), were set to the 

distances quoted by Tully (1988). 

The correlation of the distances found here with those published in the Nearby 

Galaxies Catalog, together with a discussion of the effects of the uncertainties on 

the derived star formation rates, can be found in Section 4.7. 



Chapter 4 

Non-astrophysical sources of 

error in photometric parameters 

4.1 Internal comparison tests on repeat mea

surements 

During the course of the survey, several repeat observations of galaxies were made. 

These can be used as a test of the internal reliability of the photometry in this 

study. Table 4.1 gives Hex fluxes and equivalent widths for the 12 galaxies which 

were observed twice. The asterisk next to the date indicates the data which W('1"(-' 

used in the final analysis. The decision was generally based on the comparatin) 

photometric and seeing conditions of the two nights. 

The mean variations shown by the 12 pairs of observations are 29% in the Hex flux 

and 38% in equivalent widths. These errors are on the pessimistic side, howp,·er, 

as many of the measurements in the table are subject to doubts over the obsel'Y

ing conditions or the quality of the images. UGC2023 (18/12/00 observati()ll) 

and UGC7232 (03/07/01) both suffer from an unexplained ·(TC'Clsed· patt('rn in 

the narrow-band filter images (see Section ~.3). The obsel"Yatiulls of CCCS188 

(:2~/03/01), UGC11331 (18/05/01) and l~GCl1332 (18/05/01) for ,-ari()llS l'('Cl-

~3 
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Name Name 
Obs. date F(Ha) EW(Ha) Obs. date F(Ha) EW(Ha) 
UGC2023 UGC4115 
22/11/00* 3.440 x 10-16 3.7 19/11/00* 2.450 x 10-16 3.4 
18/12/00 2.610 x 10-16 2.4 20/11/00 2.299 x 10-16 3.--1: 
UGC4173 UGC4469 
22/11/00* 2.041 x 10-16 5.8 17/02/01 8.948x10-16 2.7 , 

17/12/00 1.339x10-16 4.0 20/10/01* 9.771x10-16 4.5 
UGC4484 UGC6251 
17/02/01 8.781 x 10-16 2.0 28/03/01* 1.795x10-16 4.7 
22/10/01* 6.057x 10-16 1.7 11/05/01 1.391 x 10-16 4.6 
UGC7232 UGC8188 
19/01/01* 4.685 x 10-16 2.0 09/05/00* 8.479x10-16 4.0 
03/04/01 7.004x 10-16 3.2 28/03/01 5.657x 10-16 2.0 
UGCl1331 UGCl1332 
18/05/01 1.013 x 10-16 2.7 18/05/01 1.034x 10-15 6.2 
22/10/01* 9.265 x 10-17 2.9 22/10/01* 1.057x 10- 15 5.0 
UGC12294 NGC2604b 
04/08/01 2.577x 10-15 4.2 17/02/01 4.903x10-17 1.4 
23/10/01* 3.163 x 10-15 4.4 20/10/01* 6.819 x 10-17 2.4 

Table 4.1: Repeat observations. Ha fluxes are in Wm-2 , EWs are in nm. 

sons only resulted in two usable Ha integrations, instead of the three needed 

to achieve a good signal-to-noise ratio and to remove cosmic-ray contamination. 

For the three galaxies which were observed on two photometric nights with no 

major problems (UGC4115, UGC6251 and UGC12294), the agreements between 

the two sets of measurements are much better (a 1 7% error in the Ha flux, and 

a 2% uncertainty in the EWs). 

4.2 External comparison tests with published 

results in the literature 

Ha fluxes and/or EWs of several of the galaxies in the HaGS sample can be found 

in the literature as part of other studies. In Figures 4.1 and --1.:2 a cOInparis()1l 

is made between the 106 Ha fluxes and 89 E\Ys published and those calculated 

frOIn this stlld~·. The S~'lllbols in the plots are coded b~' the initials of t he authors· 
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Authors Code Fluxes EWs 
Kennicutt & Kent (1983) KK83 31 35 
Gallagher et al. (1984) GHT84 3 0 
Kennicutt et al. (1987) KKHHR87 9 10 
Romanishin (1990) R90 34 3-:1 
Kennicutt (1992) K92 0 10 
Young et al. (1996) YAKLR96 26 0 
Lehnert & Heckman (1996) LH96 3 0 

Table 4.2: Sources of published Ha fluxes and EvVs 

last names and the year of publication and cross-referenced in Table 4.2. 

The diagonal solid lines on the plot correspond to a one-to-one correlation . ...\Jlof 

the measurements include the satellite [NIl] lines (see Section 5.1) and most are 

uncorrected for extinction effects. Gallagher et al. (1984) calculate corrections 

for Galactic extinction, but find they are only significant for one galaxy in their 

sample (which is not in the HaGS sample). Lehnert & Heckman (1996) list Ha 

luminosities, corrected for Galactic extinction. These were converted back to 

fluxes using the distances quoted in Lehnert & Heckman (1995) and de-corrected 

for extinction using the values quoted on NED (from Cardelli et al. 1989). 

The data have not been corrected to account for the different aperture sizes used 

in each study. Some of the studies have measured line fluxes using apertures 

smaller than the software apertures used to calculate the fluxes in this survey. 

This will tend to move points below the solid line as the smaller apertures may 

not be detecting all the Ha emission from the galaxies. 

Figure 4.1 shows a good correlation between the HaGS fluxes and the literature 

values, with the deviation from the one-to-one line being in the direction expected. 

Figure 4.2 shows a reasonable correlation between the HaGS and the literature 

EWs, lying close to the one-to-one line. There is a significant scatter t hough 1 

particularl~r for low-EW galaxies. 

The scatter in these plots, and the deviation in the repeat IneaSlll'l'llll'nts ill ~<-,c

tion 4.1 are the results of the various forms of non-astrophysical errors and un('('[-
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Figure 4.1: Comparison of literature values for the total galaxy Ha fluxes with 
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Figure 4.2: Comparison of literature values for the total galaxy EvV with valu 
frOITI the present study. 
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tainties in the photometry. The remainder of this chapter will be an inYestigation 

into some of these errors. 

Astrophysical sources of uncertainty, such as extinction effects and [f\II] contaIll

ination will be investigated in Chapter 5. 

4.3 The sky background 

Koopmann et al. (2001) found that the most important source of error in their 

broadband radial profiles of the outer disks of galaxies is the uncertainty in the 

sky background. The error in their narrow-band Ha profiles due to this uncer

tainty was found to be even higher. Kennicutt & Kent (1983) also found that 

fluctuations in the night-sky brightness were the dominant source of error in their 

photometry. To investigate the effect on our survey, a sample of 10 HaGS galaxies 

were selected so as to cover a broad range of background qualities. 

The worst R-band backgrounds were found on images taken near twilight. These 

contained gradients across the images as well as marks and 'doughnuts' through

out the image. The narrow-band backgrounds in images taken when the sky was 

relatively light were also affected by these problems, but to a lesser extent due 

to the smaller integrated throughput of the filters. The worst backgrounds found 

in the narrow-band images were due to an unexplained 'creased' pattern that 

occurred on rare occasions (see Figure 4.3 for the worst case of this problem). 

The sample was also chosen to represent other factors that could affect the mea

surement of the sky level, such as fields around large bright galaxies, or ba('k

grounds that contained a large number of stars. 

The standard deviation in the overall sky level for each galaxy was determined b.\· 

Ineasuring 8 blank regions of sky using aperture photometry. Circular apertur('~ 

with radii of 100 pixels were used in most cases, though for smaller illlag('~ or 

backgrounds with large numbers of st aI's. smaller apertures with radii of :)0 pixeb 
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Figure 4.3: The image of UGC5672 taken through the h6570 filter. The 'creased' 
background effect was found on several other images taken through the narrow
band filters, but has not been explained. 

were used . 

The mean number of counts per aperture was calculated and the standard devi

ation in the mean was divided by the area of the aperture to give the standard 

deviation per pixel. This was then converted into flux units. The total error in 

the galaxy flux was found by multiplying by the area of the aperture at which 

the total flux had been measured (see Section 3.6). 

The sky levels were measured for both the R-band and the continuum-subtra t d 

Ha images. In the cases of 5 of the galaxies, there were also images taken through 

the HaCont filter. The sky levels were also measured in these and the derived 

continuum-subtracted Ha images. In Section 3.6 it was mentioned that a surfa e 

fit was applied to all images to remove gradients. The standard d viation in th 

ky 1 vel were calculated both before and after the surface fit 'va ubtra' ted 

fron1 the galax images. It was found that removing the urfa fit r du d th . 
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VGC Filter Comment u/pix U(Taa,} Taal 
1983 R Good background, but quite a few stars. 3.61x1O -24 1.91x1O -111 (0.03%) 130 

Ha-R 3.l1XlO- 25 1.65X1O-20 (0.001%) 130 
C 5.41X1O-24 2.87x 10-19 (0.05%) 130 
Ha-C 4.29x1O-25 2.28xlO-20 (0.001%) 130 

2684 R Very faint galaxy. Poor background. 1.72X1O-23 7.80x1O-19 (10.7%) 120 
Ha-R Hardly any Ha visible. 5.44X1O-24 2.46xlO- 19 (1.2%) 120 
C Galaxy too faint for growth curve. 7.29x 10-23 3.30x 10-18 120 
Ha-C Galaxy too faint for growth curve. 4.56x1O-24 2.06x 10- 19 120 

3174 R Faint galaxy. Very bad sky. No curve. 9.44x1O-24 1.19xlO-18 200 
Ha-R No growth curve due to bad sky. 2.67x 10-25 3.36x 10-20 200 
C Background better than R, but not great. 4.39X1O-24 5.52xlO- 19 (3.5%) 200 
Ha-C 3.32x 10-25 4.17x 10-20 (0.05%) 200 

4426 R Good background, but faint galaxy. 1.19X1O-25 1.99x 10-20 (0.07%) 230 
Ha-R Hardly any Ha, but good background. 1.57x 10-25 2.61 X 10-20 (0.03%) 230 

4645 R Bad background with gradient. 1.50x 10-22 4.83 x 10-17 (2.4%) 320 
Ha-R 5.09x 10-24 1.64x 10-18 (0.09%) 320 
C Better than R, but slight gradient. 3.26x1O-23 9.81 X 10-18 (0.35%) 310 
Ha-C 9.44X1O-24 2.85x 10-18 (0.10%) 310 

5672 R Bright R background. Gradient. 2.20X1O-23 9.97x 10-19 (0.81%) 120 
Ha-R 'Creased' background and gradient. 8.83x 10-24 3.99x 10-19 (0.30%) 120 

6272 R Bright galaxy. Background not great. 2.42x 10-23 2.20x 10-18 (0.14%) 170 
Ha-R Sky looks ok. 2.61x 10-24 2.37x 10-19 (0.008%) 170 

6778 R Large, bright galaxy. Good background. 2.35x 10-23 7.09x 10-18 (0.45%) 310 
Ha-R 3.89x 10-24 1.18xlO- 18 (0.02%) 310 
C Good background. 1.88x 10-22 5.67x 10-17 (3.6%) 310 
Ha-C 1.69X1O-24 5.11X1O-19 (0.006%) 310 

11300 R Average galaxy and background. 8.47x 10-24 1.80x 10- 18 (0.53%) 260 
Ha-R 1.65X 10-24 3.51 X 10-19 (0.04%) 260 

11604 R Lots of foreground stars. 2.35x 10- 24 7.08x 10-19 (0.05%) 310 
Ha-R 2.l1X10- 25 6.36X1O-19 (0.003%) 310 

Table 4.3: Results from the investigation into the effect of variations over the 
sky background. Column (1) gives the UGC number of the galaxy. Column (2) 
indicates the image investigated, where R is the broad R-band continuum filter, 
C is the HaCont filter, Ha-R and Ha-C are the narrow-band Ha images with the 
indicated broader-band filter used for continuum subtraction. Column (4) gives 
the standard deviation per pixel in the 8 sky regions in units of Wm-2 for the 
Ha measurements, and Wm-2nm-1 for the continuum images. In Column (5), 
these values are multiplied by the area of the circular aperture at which the total 
galaxy flux was measured. The radii of these apertures are given in column (6). 
The effect of the variations in the sky background is compared to the total fluxes 
of the galaxies and given as a percentage in column (5). 

standard deviation in the sky levels by typically a factor of ten. In the cases 

where there was a visible gradient across the sky, the background variation could 

be improved by 2 orders of magnitude by removing the fit. 

The results from the images after the surface fits have been subtracted are pre

sented in Table 4.3. 

The table shows that the standard deviations in the sky background levels vary 

over two orders of magnitude. However, after gradients have been removed with 

a surface fit there are no clear correlations between the apparent visual quality of , 

the sky and the flatness of the background. In absolute flux terms, the brightness 
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of the galaxy or the presence of a large number of foreground stars also appear 

to have little effect. 

The mean value of the standard deviation of the sky per pixel is 2.61 x 10-23 

Wm-2nm- 1 in the R-band images, 6.07x 10-23 Wm-2nm-1 in the RaCont-filter 

images, 2.85xlO-24 Wm-2 for the Ra images when the R-band image is used for 

continuum subtraction, and 3.29xl0-24 Wm-2 if the RaCont image is subtracted. 

Considering the 2 orders of magnitude in the variation of the individual valuE's. 

it cannot be said here, or from examining Table 4.3, that there is any significant 

difference between the broad R-band filter and the RaCont filter when it comes 

to the quality of the sky background. 

Table 4.3 also shows that, in the majority of cases, the fluctuations in the sky 

background have an effect on the total measured flux of the galaxy of around 1% 

or less. The only case where there is a significant contribution of greater than 

10% is for the R-band image of UGC2684, and this is one of the faintest galaxies 

in the entire sample. 

4.3.1 The effect of the sky background variation on con-

centration indices 

In Section 7.1.2, concentration indices will be introduced. In this chapter we will 

include an investigation into the effects of the index defined in Equation 1.1 as 

log[r75/r 25], where r75 and r25 are the radii where the flux falls to 75% and 25r;{, 

of the total flux respectively. 

The effect of the sky background variation was investigated in the above 10 galax

ies by replacing the total flux with the total flux plus or minus the error calculated 

for the galaxy at the radius at which the total flux was taken. In rnost cases the 

difference in the resulting concentration indices was less than 1 %. The onh' cases 

where it was higher were for the R-band image of UGC2684 where it was 8A(!c1 

and the intermediate-band continuum image for lTGC317-1 (-1.8(1<). These are 
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n observed scaling factor a theoretical scaling factor 
R/h6570 97 52.6 3.3 47.8 
R/h6594 84 57.0 3.7 58.6 
R/h6607 18 46.9 4.5 44.9 
R/h6626 37 50.5 6.9 57.3 
C/h6570 72 2.58 0.19 2.23 
C/h6594 24 2.78 0.10 2.74 
C/h6626 5 2.64 0.15 2.67 

Table 4.4: Continuum scaling factors. Column (1) contains the two filters scaled. 
where R is the broadband-continuum filter and C is the HaCont filter. No galaxies 
observed with the narrow band Ha filter h6607 were observed through the C filter. 
Column (2) lists the number of stars used to determine the scaling factor in each 
case. Column (3) gives the mean value found for the scaling factor. and column 
(4) gives the standard deviation on that value. The theoretical scaling factors 
deri ved using the quoted filter profiles are shown in column (5). 

both very faint galaxies. 

4.4 Continuum scaling factors 

A further source of error in the measurement of Ha fluxes and concentration 

indices comes from the determination of the scaling factor when subtracting the 

continuum level from the Ha-filter images. Due to the large number of galaxies 

in the HaGS sample, a single scaling factor was calculated between each of the 

Ha filters used and both of the continuum filters. 

These scaling factors were calculated from the comparisons of either unsaturated 

foreground stars, or standard stars through the different filters. The values are 

presented and compared with those found by integrating under the filter profiles 

supplied by the ING in Table 4.4. 

1'hese derived scaling factors were used in all photometric cases. For galaxies ob

served under non-photometric conditions, a separate scaling factor was calculated 

for that particular set of observations (see Section 3.5). A single scalill~ factor is 

not the ideal situation. especially when derived from stars which h(-1\"(' diff('l'(,llt 
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spectral properties from galaxies, not to mention each other. Howe\"er. for such 

a large data set, it is the most practical method. 

Young et al. (1996) and Koopmann et al. (2001) find a ±2-5% error in the de

termination of their continuum levels. The errors listed in Table -±.-± show that 

the uncertainty in the scaling factors in this sample range from 3 to 14%~ \yith 

the two most commonly used ratios (R/h6570 and R/h6594) having an error of 

around ± 6.5%. 

Young et al. (1996) claim that their error in the determination of the continuum 

level can lead to an uncertainty of up to ± 20% in the global Ha flux for lo\\,

surface-brightness extended emission. Koopmann et al. (2001) find an error of 

20-30%. An investigation into the effects of changing the scaling factor by 10" on 

a small sample of HaGS galaxies was undertaken. For each of the R/Ha scaling 

factors, 6 galaxies were investigated. For each of the C /Ha scalings, -± galaxies 

were looked at. 

For galaxies observed through the h6570 or h6594 filters the uncertainty due to 

the scaling factor is around 10%, rising to 25% for low-EW galaxies where the 

continuum light overwhelms the Ha. For those observed through the higher

redshift Ha filters, a 10" change in scaling factor will cause an uncertainty of 

around 15% in the flux, rising to 35% for galaxies with low-EWs. 

As well as the effect of a 10" change in scaling factors on Ha flux, the effect on the 

concentration indices of the galaxies was also calculated. This turned out to be 

smaller with the average error through the h6570 and h6594 filter galaxies being 

around 4%. For images taken through the h6607 and h6626 filters the error \\'as 

approximately 11%. 
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4.5 Errors due to surface fitting and source re

moval 

In Section 4.3, subtracting a surface fit of an image was found to reduce signif

icantly the error due to fluctuations in the sky background. Before a surface fit 

is made, however, the sources (both stars and galaxies) and any defects on the 

image need to be removed so that only the sky is left. In the cases of continuum

subtracted Ha images, it is the residuals left by the brighter stars due to imperfect 

subtraction that need to be removed, rather than the stars themseh·es. 

This process is partly automated using the Object Detection option in GALt 

The application, which is powered by the Starlink software SExtractor, finds the 

location and size of the sources on the image. This information is then converted 

to place circular apertures over the sources, which are then replaced by blank 

regions. These are ignored during the surface fit. 

Occasionally extra apertures need to be added to cover image defects, or the size 

or shape of the current apertures need to be modified (for example in the case 

of a saturated star that has leaked along the CCD array). Diffuse galaxy light is 

also often not picked up completely by the automated part of the process. There 

is, therefore, some degree of manual input, which is not precisely reproduced if a 

repeat attempt is made. This causes slight differences in the surface fit before it 

is subtracted from the image. 

A similar uncertainty is introduced when the stars/residuals and image defects 

are removed before the placing of the apertures to measure the growth CU[\'('s. 

In the cases of removing stars that lie superimposed on the galaxy itself, the size 

and shape of the removal-aperture can be quite important to the measured flux. 

For a representative sample of galaxies the process of removing sources and de

fects, fitting to the remaining background, subtracting the fit, relll()\ring t h(' nOll

galax~' objects from the resulting image and finall~' measuring the Hn flux \\'(b 

I'q>eated fiyp times. Each repeat was treated as a best attempt t() l'('lll()\'(' 1 h(' 
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objects, as opposed to taking extreme-case scenarios. 

The standard deviation in the five measurements can be taken as some sort of 

repeatability uncertainty for this process. The results from the investigation sug

gest an uncertainty of around 1-4% in the total Hey flux. The higher uncertainties 

were found for fainter galaxies, or for those with foreground stars superposed on 

the disk of the galaxy. 

4.6 Errors in the flux calibration 

Equation 3.10 gives the relationship between the number of counts/s measured in 

an Hey image and the Hey flux emitted from the galaxy (uncorrected for [Nil] and 

extinction effects). Many of the factors in this equation contain uncertainties in 

their values which will contribute to the uncertainty in the overall flux. 

The errors in the continuum scaling factor, 'Y, are the same as discussed in Section 

4.4. These vary from 3-14%, depending on the filter (see Table 4.4). The most 

commonly used narrow-band filters were the h6570 and the h6594 filters. The 

error in R/h6570 and R/h6594 is around ±6.5% in both cases. 

Table 4.4 also shows that there is a difference between the theoretical filter profiles 

and the actual profiles. The integrated area under the filter and the transmission 

value of the filter at the redshifted Hey wavelength in Equation 3.10 assume the 

theoretical profile. These, therefore, introduce a further uncertainty of around 

7% ill the flnx conversion. 

The transmission value will also be affected by the uncertainty in the redshift 

of a galaxy. A galaxy's rotation gives an uncertainty in its recession velocity of 

around ±100 kms-I. Figure --1.4 shows the effect this has on the error in the 

transmission value as a function of redshift. The h6570 filter is used for galaxi('~ 

with rccession velocities below 950 kms- I, the h6594 filter then takes on'r until 

H'iociti<'s of greater than 2150 kms- I. For the highest-redshift galaxi('~ in Ollr 



4.6. Errors in the flux calibration 

l
e: 
.- 0 
~~ 
e: 
·0 
1:: ., 
o 
e: 
:J 

x x 
x 

XXX X 

xx 

v(km/s) 

Figure 4.4: The percentage uncertainty in the transmission value due to the 
uncertainties in the galaxy's recession velocity. 

sample, the uncertainty is plotted as calculated from the h6626 filter. The error 

in the transmission value due to its redshift dependence generally contributes 

around 5% to the total flux uncertainty. 

One further source of uncertainty in Equation 3.10 comes from the photometric 

zeropoint. A separate zeropoint is used for each photometric night (see Section 

3.4). Non-photometrically observed galaxies are calibrated with an R-band image 

of the same galaxy taken on a later photometric night. The appropriate z ro

point for that photometric night is then taken (see Section 3.5). Zeropoints are 

calculated from a number of standard stars observed on the same (photometric) 

night. The mean uncertainty in the adopted zeropoints over the entire survey is 

found to be: 

2.: ((Jnight/ Jnnight) 
photometric nights 
~----------- = 0.014 mag, 

N 
(4.1) 

where (Jnight is the standard deviation in the value of the zeropoint for a giv n 

photometric night, nnight is the number of stars used to calculate that zeropoint 

and N is the total number of photometric nights in the urvey (52). Thi \alue 

corr pond to a contribution to the total flux uncertainty of around 1.3%. 

dding all th error in quadratur giv an ov raIl rror in th H flux dup to 

the 'alibration from ounts/ to"\ In-
2 of 11 %. 
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Figure 4.5: A comparison of galaxy distances as calculated using the model of 
Schechter (1980) and the catalogue of Tully (1988). The solid line represent a 
one-to-one correlation. 

4.7 Distance errors 

Equivalent widths, surface brightness and concentration indices are all indepen

dent of the galaxy distance to first order. Uncertainties in the distances allocated 

to galaxies do affect Ha luminosity calculations, and hence the derived SFRs. 

They also affect the calculated R-band absolute magnitudes and intrinsic siz 

estimates of the galaxies. 

The method used to calculate distances , taking into account infall into th lrgo 

Cluster, was described in Section 3.11. Many of the HaGS galaxies are Ii ted in 

th Normal Galaxies Catalog (Tully, 1988), where distances hav b en omput d 

u ing a similar method. In Figure 4.5 the distances calculated u ing th m d 1 

of Schechter (1980) are compared to tho e publish d by Tully (19 ) for 39 

galaxie. Th solid lin repre ents a one-to-on orrelation. Ther l ~ a lllall 

cunount of catt r but in g n ral th agr m nt i good. Th lllain (lxCrptioll 
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is close to the Virgo Cluster, around 17 Mpc away. Tully has classified some 

galaxies as members, whilst the Schechter model has allocated them distances 

outside Virgo. 

Excluding galaxies with Tully distances in the range 12-18 Mpc; the mean ratio 

of Schechter distances to Tully distances is 0.97, with a standard deyiation of 

0.12 (12%). For galaxies around the Virgo distance, the mean ratio is 1.13. but 

the standard deviation is 50%. Due to the policy of generally avoiding galaxies 

in the Virgo region, only two galaxies with ratios significantly different from 1 

were observed - UGC7215 and UGC7414, both with low ratios. Thus, with the 

exception of these two galaxies, the error in the derived SFRs is 2--!%. 

4.8 Summary 

Of the six non-astrophysical sources of error investigated, the uncertainty in the 

continuum scaling factor was found to be the most significant when calculating 

both Ha fluxes and concentration indices. This is dependent on both the filters 

used and the surface brightness of the galaxy. 

The process of subtracting a surface fit of the background from a galaxy image 

plays a large part in reducing the errors due to fluctuations in the sky. The mea

sured errors are, therefore, not as significant as found in some previous studies, 

such as those by Koopmann et al. (2001) and Kennicutt & Kent (1983). 

The application of a surface fit, combined with the removal of sources and defects, 

does introduce a further source of error, but this is found to be relativel~' small. 

The conversion of the flux into units of Wm-2 introduces se\"eral sources of er

ror, which, when combined, contribute a total of ",11 %. The conyersion to Hn 

huninosities introduces a further error of 2--! % due to uncert ainties in t he galax~" 

(iistcUH'C. 

So, for a typical galax~', the unccrtaint\' in the Ho flux \\'illlw ",13-1~)r;{. The enol' 



4.8. Summary 58 

in the derived SFR will be rv30%. The uncertainty in the concentration index 

will be rv3-10%. For a low-EW galaxy the errors in the flux and concentration 

index will be rv27-37% and rv5-12% respectively. The error in the SFR will be 

rv40%. Errors in derived values of EWs will be dominated by the uncertainties 

in the Ha fluxes. 



Chapter 5 

Astrophysical sources of error: 

extinction and [NIl] corrections 

In Chapter 4, the effects of the non-astrophysical photometry errors and uncer

tainties on the Ha flux were investigated. In this chapter, the two main astro

physical sources of error in the calculations of star formation rates and equivalent 

widths are discussed. Other sources of uncertainty, such as the choice of IMF and 

the precise value of the Hubble constant, will not be dealt with here. 

[Nn] corrections 

One major problem with narrow-band Ha imaging, is contamination by the [1\'II] 

doublet. These two lines are located either side of the 656.3 nm Ha line. at 

654.8 nm and 658.4 nm. The widths of the narrow-band Ha filters range frOIll 

4.4 lllll to 5.5 nm, thus including both [Nn] lines. The first of these is the [:.JII]

short line and is much weaker than the second, [Nn]-long, line ([NII]-long/[l\II]

short rv 3: 1). The contribution to the total flux causes a scatter when using Het 

rlleasurerllents to infer star formation rates. In order to improve calculations of 

SFRs it is therefore important to be able to correct for the [\'n] contamination. 
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Extinction corrections 

Extinction is caused by the scattering or absorption of light from the obseryed 

galaxy, thus reducing the detected flux. There are three sources of extinction 

that need to be corrected for when calculating luminosities and SFRs (E\Ys are 

calculated from the ratios of the Ha and continuum fluxes and are thus relative1\' 

unaffected by extinction). These are the Earth's atmosphere, dust in our own 

Galaxy, and dust in the observed galaxy. 

5.1 [NIl] Contamination 

For the majority of this thesis, reference to Ha flux of a galaxy actually refers 

to the combined Ha + [NIl] flux. In this section, however, the two contributions 

are treated separately. 

Whilst the ratio of [NIl] to Ha in the nuclei of spiral galaxies has been well 

studied (e.g. Keel 1983; Rubin & Ford 1986) and found to be high, Kennicutt 

& Kent (1983) find that nuclear [Nn] emission rarely dominates the integrated 

photometry of galaxies. The most commonly used corrections for [NIl] contalll

ination for entire galaxies are those derived by Kennicutt (1983) and Kennicutt 

& Kent (1983). Spectrophotometric [NIl]/Ha ratios of individual extragalactic 

HIl regions from the literature (see Kennicutt & Kent 1983 for references) were 

compiled from 14 spiral galaxies (mostly Sc's) and 7 irregular galaxies. The aYer

age Haj (Ha + [NIl)) ratio was found to be fairly constant, spanning the ranges 

0.75 ± 0.12 for the spirals, and 0.93 ± 0.05 for the irregulars. In terms of the 

ratio [NIl]/Ha this corresponds to a median value of 0.33 for spirals and 0.08 for 

irregulars. 

However, these values WE're calculated b~' finding the [NII]/Ha ratio of .iust a few 

regions, averaging for each galax~' and then finding the mean \"altH, for spiral 

and irregular t~·p('s. This assumes that all HII regions han) roughl~' the Si\lli(' 

proportion of [NIl] to Hn as those regions 111easured. 
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In this work, a new method of investigating the relative strengths of Ho and [.\'"Il] 

is introduced and explored. This method will enable both the integrated ratio 

over the whole galaxy and the ratios of individual regions to be calculated. The 

relationship with galaxy morphology can also be investigated. 

5.1.1 Photometric separation of [Nn] and Ha 

Theory 

The [NIl] 658.4 nm filter (n6584) at the JKT has a very narrow passband (2.1 nm). 

Galaxies with recession velocities close to 960 kms- 1 will have their Hn line 

redshifted to around 658.4 nm. If these galaxies are observed through the n6584 

filter, the narrow passband is able to virtually exclude « 10% transmission) 

the [NIl] doublet. The observations taken through the wider 659.4 nm Ha filter 

(h6594) will include both the [Nil] and the Ha emission. Using the transmission 

values quoted for both filters, the continuum subtracted images can be scaled 

and subtracted so as to produce images with only Ha photons and with only 

[NII]-long light (the effects of the [NIl]-short emission are less significant due to 

its relative weakness). The relative strengths of the two fluxes can be investigated 

using aperture photometry. 

By applying this method to a range of galaxies of different types, it is possible to 

look at variations in the ratio of Ho to [NIl] both amongst different galaxy t~"IH:>s. 

and within each galaxy itself. In the latter case the effects resulting frOln radial 

metallicity gradients, for example, can be investigated. 

Observations 

Five hours of service time were granted on the JKT for this projcct. The observillg 

took place in Decelnber 2000 and JanuaT~" 200l. Three galaxies wer(' ohsnn'd 

through the n6584 (3 x 1200s integrations) and R-band continuum filt<Ts. Hn 

data w('re taken as pent of the Blain Sl11T(,~'. Three further galaxi('s \\'('1"<' oi>s(,l"Y('d 
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through the n6584 filter during the main HaGS observing time. 

The galaxies range from spiral types SOia to Sed. Further obsen"ations are re

quired to include galaxies with irregular morphologies. 

Photometric calibration was obtained through the use of standard stars. 

Producing the separated images 

The R-band continuum images were scaled and subtracted from the n6584 filter 

images. The scaling factor was found to be R/n6584 = 118.5 from photometry of 

41 foreground and standard stars. This compares very well to the value of 118.--:1: 

from the quoted filter profiles. 

The continuum-subtracted images taken through the h6594 filter were scaled so 

as to match the photometric zeropoint of the n6584 filter images. In the cases 

where there were large differences in the seeing conditions in the two images, 

SExtractor in GAIA was used to find the full width half maxima (FWHM) of 

around 10 foreground stars in each image. A Gaussian smoothing was applied to 

the image with the better seeing using the KAPPA command gausmooth. The 

correction was approximated as the root of the difference of the squares of the 

mean FWHM. The two images were also aligned. 

The detected flux in each of the two images can be written as a sum of the 

transmitted Ha flux and the transmitted [NIl] flux: 

(h6594 ~ R) = THa,h6594F(H a) + T[NII],h6594F([N I I]) 

(n6584 ~ R) = THa,n6584F(Ha) + T[NIIJ,n6584F([NII]) (5.1) 

where Tx,y is the transmission of the line .z; in filter y. Thus, soh-ing these siInul

taneous equations giyes: 
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[(h6594 - R) ~HCX,n6584 - (n6584 - R)] x T Hn h6594 
F ([ N I IJ) = -=---~ ___ ;:::;:::;Hcx......:..,h_65_94_~=--__ ~ ___ ' ___ 

T[ NIl] ,h6594 T H n ,n6584 - T H n ,h6594 T[ NIl], n6584 

[(h6594 - R)~[NII],n6584 - (n6584 - R)] x Ti[NII] h6594 
F(lfa) = ____ ~----~[~N-II~],-h6-59-4----~------~-------'---

T Hn ,h6594T [NII],n6584 - T[NII],h6594 T Hn,n6584 
(5.1) 

The various transmission values for the redshifted Hex and [NIl] lines were found 

from the supplied filter profiles. The above arithmetic operations were applied 

to the two continuum-subtracted images to produce one image mapping the [:\iII] 

content of the galaxy and one image containing only the Hex light. Gradients in 

the sky background were removed using the surface-fitting method described in 

Section 3.6. 

Findings 

For each of the 6 galaxies, the ratio of the [NII] to the Hex flux and the distribution 

of each was investigated for the whole galaxy. This was done by plotting growth 

curves in a similar way to that described in Section 3.6, using the same centre 

value and aperture shape. The growth curve from the separated [NII] image 

was divided by that obtained from the separated Hex image to obtain the ratio 

[NIIJ/Hex as a function of distance from the galaxy centre. 

Figures 5.1 to 5.6 show this ratio and the two growth curves, normalised to the 

maximum [NIIJ/Ha ratio, all displayed on the same plot. The middle image is 

the uncontaminated Hex and the bottom image shows the distribution of the [!'\rr] 

emIsSIOn. 

UGC2141 Figure 5.1 shows that in this galaxy, the [NIl] and Hn do not :-;(']>

arClte into distinct regions as found in some of the other galaxies. The [\'"II]-Olll~' 

iInag(' shows a diffuse Inix of positin> and negatin' readings, showing that tll(' 
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Figure 5.2 : UGC2210 

600 

method has not worked particularly well in this case. This will be, in part , due to 

the large seeing differences between the nights in which the galaxy was observed 

through the h6594 filter (2.0") and the n6584 filter (1.0"). The Gaussian smooth

ing correction is not perfect. However, this should not affect the large-scale trend 

or overall ratios shown in Figure 5.1. 

The ratio of [NIl] to Ha increases in the outer regions of the galaxy and level off 

at a value of 0.13. Thus, the value of Hal (Ha + [NIl]) is 0.88 which i high r 

than th mean value suggested Kennicutt (1983), and [NIl] emi sion i r lativ ly 

w ak in this galaxy. 
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UGC2210 Figure 5.2 shows virtually no sign of any [)JIl] detection above the 

sky variation level. The [NIl] growth curve, falls below zero and it is not possible 

to calculate relative Ha to [NIl] strengths for the whole galaxy. 

Using the statistics option in the Image Regions utility in GALt the standard 

deviation per pixel was found for the area containing the entire galaxy. This value 

was used to calculate the weakest [NIl] detection that would give a 30" result in 

the investigated region. From this, an upper limit of 0.020 can be placed on 

[Nn]/Ha, and a lower limit of 0.980 on Ha/(Ha + [NIl)). 

UGC2855 Figure 5.3 shows that there is a high ratio of [NIl] to Ha in the 

nucleus. This is expected (Kennicutt & Kent, 1983) due to the higher metallicities 

of the old stars found in nuclear regions. The ratio then drops off along the disk. 

There is an arc of [Nn] emission, however, located at the eastern end of one of 

the spiral arms. 

The asymptotic value of [NIl]/Ha is 0.18. Ha/(Ha + [NIl]) is, therefore, 0.84. 

UGC3580 Figure 5.4 shows that the separation method has not worked very 

well for UGC3580. The h6594 image suffers from the creased background prob

lem, and there is also a difference in the seeing conditions (l.9" for the hGGD4 

image and l.0" in the n6584 image). The [NIl] detection is below the sky varia

tion. Using the Image Regions statistics option in GAIA, a lower limit of 0.034 

is found for [Nn]/Ha and an upper limit of 0.967 for Ha/(Ha + [NIl]). 

UGC8403 Figure 5.5 shows a high nuclear [NIl] content, peaking in the centre 

with an [Nn]/Ha ratio of 0.59. This falls off rapidly and there is n)r~' little sign 

of [Nn] in the disk. The average ratio for the whole galaxy is just 0.07, which 

corresponds to Ha/(Ha + [NIl)) = 0.93. This is much higher than suggested h\" 

K(,llnicutt (1983). 
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Figure 5.4: UGC3580 

UGCl1872 Figure 5.6 shows a very strong source of [NIl] in the galaxy nucleus. 

UGCl1872 is listed on NED as containing a low-ionisation nuclear emission region 

(LINER). The ratio of [NIl] to Ha is 1.33 in the centre, indicating more [Nrr] 

emission than Ha. The [NIl] emission is much less in the outer regions of th 

disk, and the total [NrrJ/Ha ratio for the galaxy is 0.54. The fraction of Ha to 

the total Ha + [NIl] flux is low at 0.65. 

Th above results are summarised in Table 5.1. The quoted error repre ent th 

standard deviation in the asymptotic values calculated from the final 5 point. 111 

th [NIl]/Ha growth curve. 
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Figure 5.6: UGCI1872 

For the three galaxies where individual [NIl]-emitting regions were visible, the ra

tio of [NIl] to Ha was investigated separately in each region. Circular or elliptical 

apertures were placed around the regions in the positions indicated in Figures 

5.3 , 5.5 and 5.6. The images had already had a surface fit removed but furth r 

background subtraction was performed using a sky aperture placed over a blank 

pi c of sky away from the galaxy. The errors caused by fluctuation in th k~r 

1 v 1 wer measured by moving the sky aperture to !"VIO differ nt po it ion ar und 

th fram and calculating the standard deviation in the mean In a ur d flux , . 

The flux s (in counts/s) vvere r cord d in identical ap rt ure in both th Ho- n l~' 

iIllag and th [NIl]-onl image. Th r ult ar ombin d in Tabl .2. 
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Galaxy Hubble Type [Nn]jHa Haj(Ha + [NIl]) 
U2141 SOia 0.133±0.002 0.883±0.002 
U2210 SBc <0.020 >0.980 
U2855 SABc 0.185±0.001 0.844±0.001 
U3580 SAa pec <0.034 >0.967 
U8403 SBcd 0.074±0.001 0.931±0.001 
Ul1872 SABb 0.541±0.003 0.649±0.002 

Table 5.1: Ratios of [Nil] to Ha and Ha to Ha + [Nil] measured for the entire 
galaxy 

If we were to assume that all HIl regions in a galaxy have approximately the 

same ratio of [Nil] to Ha, then the mean value of Ha/(Ha + [NII]) for spiral 

galaxies, calculated from the individual regions listed in Table 5.2, would be 

0.706±0.078. This is in agreement with the value quoted in Kennicutt (1983) 

of 0.75±0.12. However, the majority of the above regions were selected on their 

[NIl] observations. The process was repeated for some of the most luminous 

regions in the Ha only image. The [NII] fluxes for these regions were predicted 

assuming Ha/(Ha + [Nil)) = 0.75 and should have all been well within the 

range of detect ability. With the exception of regions 2 and 3 in UGCl1872, no 

corresponding [Nil] flux could be measured in any of these areas. 

Using the Image Region statistics in GAIA, a 30- [NII] detection would give an 

upper limit [NII] to Ha ratio of between 0.034 and 0.117 for each of the regions 

investigated. Since these limits are well below the average ratio found from Table 

5.2, it seems fair to say that the above assumption, regarding equal ratios of [:\TII] 

to Ha in all HIl regions, does not appear to be valid. 

A further test of this is to remove the regions in which [NIl] was detected and use 

a single large aperture to measure the ratio of the remaining [NIl] to Ha in each 

galaxy. The results are presented in Table 5.3. 

These data confirm that. whilst the results of Kennicutt (1983) can be reproduced 

for the regions with the strongest [NIl] detections, the overall arlloullt of [;\II] in 

the remainder of each of the 3 galaxies is lower than the commonly assUIued \·a]ue. 
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Region [Nn]jHa Haj (Ha + [Nn]) 
U2855 1 O.228±O.OI0 O.8I4±O.OO6 

2 O.520±O.O67 O.658±O.O28 
3 O.407±O.O28 O.7II±O.OI4 
4 O.529±O.O73 O.654±O.O33 
5N O.289±O.O29 O.776±O.OI7 

U8403 N O.536±O.O24 O.65I±O.OI0 
UI1872 IN O.800±O.O32 O.556±O.OI0 

2 O.337±O.OI3 O.748±O.OO7 
3 O.277±O.OI8 O.783±O.OII 

Table 5.2: Ratios of [NIl] to Ha and Ha to Ha + [NIl] for individual regions. An 
N next to a region name indicates a nuclear region. 

5.1.2 [NIl] contamination - summary and conclusions 

The new method proposed here of photometric separation of the [NIl] and Ha 

introduces the possibility of challenging the general use of the Kennicutt (1983) 

[NIl] corrections in Ha studies. 

The current sample size of this investigation is very small, but even so, we see 

a wide variation in the amount of [NIl] in each galaxy. UGC2210 and UGC2855 

are both Sc galaxies, and yet their [NIl] profiles are very different. 

The Kennicutt (1983) correction agrees well with this work for individual regions 

selected by their high [NIl] fluxes. For the remaining galaxy, and the galaxy as a 

whole, however, Kennicutt appears to be overestimating the [NIl] contamination 

effects. 

Clearly, further observations through the n6584 filter are required, particularly 

of irregular galaxies, before a new set of [NIl] corrections can be deriyed. For the 

work in this thesis, the current standard corrections will continue to be used for 

comparability with other work. If a value of Ha/(Ha + [NIl]) of 0.83, suggested 

by the mean of the values for the four entire galaxies in Table 5.1, is takell, then 

the derived SFRs will be 8% higher. 

The photometric separation method is also a good wa:' of inH'stigating the dist ri-
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Galaxy [NuJjHa Haj (Ha + [Nu]) Total Haj (Ha + [NIl]) 
U2855 0.147 0.871 0.85 
U8403 0.068 0.936 0.93 
Ul1872 0.241 0.806 0.65 

Table 5.3: Ratios of [NIl] to Ha and Ha to Ha + [NIl] for the remainder of the 
galaxy after the regions in Table 5.2 have been removed. Column 4 presents a 
reminder of the total Ha to Ha + [NIl] ratio for the whole galax~', before t 11<:' 
individual regions are removed. 

bution of [NIl] within each galaxy. Three out of the 4 galaxies for which positi,'e 

[NIl] measurements could be made showed higher [NIl]/Ha fractions in the metal 

rich nuclear regions than in their younger disks. 

For more detailed investigations of individual HIl regions, this method will be 

very useful in deriving accurate corrections for the [NIl] contamination in the Hu 

+ [NIl] flux measurements. 

5.2 Atmospheric extinction 

It is a straightforward matter to correct for scattering and absorption in the 

Earth's atmosphere. For a given night, both standard stars and sources with 

unknown fluxes will suffer the same amount of atmospheric extinction (Zeilik 

et al., 1992). The airmass of an object relates the amount of extinction suffered 

by an object to the amount of atmosphere its light passes through to reach the 

telescope (i.e. its position in the sky at the time of observation). 

Combining the zeropoint and the airmass, as described in Sections 3.-1 and :3.6, 

will therefore correct the observed fluxes for atmospheric extinction. 
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5.3 Galactic extinction 

Galactic extinction is due to dust grains in the ISM within our own Galax~·. 

Thus, extinction along lines of sight out of the Galaxy will generally diminish 

with increasing Galactic latitude. 

Schlegel et al. (1998) have created a full-sky 100 Mm map from observations b,' 

IRAS and the Diffuse Infrared Background Experiment (DIRBE) on board the 

Cosmic Background Explorer (COBE) satellite. They have removed the zodiacal 

foreground and confirmed point sources to leave just the diffuse emission from 

the inter-stellar medium. The diffuse infrared emission is a direct measurement 

of the column density of the inter-stellar dust, and thus the map can be used as 

a measure of extinction for extragalactic objects. 

Schlegel et al. (1998) and Burstein & Heiles (1982) confirm the dependence of 

extinction on Galactic latitude, but also find a large, irregular variation over the 

sky. 

The reddening in B-V quoted by Schlegel et al. (1998) can be converted to an 

R-band extinction using the extinction law of Cardelli et al. (1989). The resulting 

value for the position of each galaxy in the HaGS sample can be found on NED. 

Corrections for Galactic extinction are applied during the conversion of Ha flux 

to SFR in Section 3.7. 

5.4 Internal extinction 

The major source of systematic error in the conversion of Ha fluxes to SFRs is 

due to the effects of extinction within the galaxy being observed. There is a 

great deal of uncertainty as to the exact magnitude of this extinction and 110\\' 

it varies with galaxy luminosity and type. Studies using radio data (which are 

not <lff(\('ted b? extinction) of large samples of individual HII regions in ll('arb~' 

galaxies ~rield rnean extinction values ranging from A(Ha) = 0.;) lllag to A(Hn) 
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= 1.8 mag (e.g. Caplan & Deharveng 1986; Kaufman et al. 1987: ,"an der Hulst 

et al. 1988; Caplan et al. 1996). Kennicutt (1998) adopts a single correction of 

1.1 mag for the effective Ha extinction of entire galaxies for all Hubble t~"pes. 

These samples, however, mainly contain bright galaxies, whereas the Ha Galax~" 

Survey also includes many faint and irregular galaxies. For very small irregular 

galaxies, extinction may be systematically lower due to the smaller quantit~" of 

inter-stellar medium through which the Ha flux must traverse. Alternativel~r. 

most of the extinction could be associated with the star forming-region itself, in 

which case galaxy type and size will be of lesser importance. 

The same recombination process that produces Ha emission, also generates other 

recombination photons, including Brl' emission at a rest wavelength of 2. 166J.1nl. 

Compared to Ha, the effective extinction of the Brl' line at 2.166J.1m is reduced 

by a factor of 7.1 (calculated using the extinction curve of Cardelli et al. 1989). If 

we assume case B recombination (the assumption that every Lyman line photon 

is scattered many times in an optically thick nebula, and is converted into lower 

series photons plus either Lya or two continuum photons - see Osterbrock 1989), 

we can predict the intrinsic Brl'/Ha line ratio. Comparing the measured and 

predicted ratios, we can calculate the excess extinction at Ha compared to Brl', 

and hence the total extinction at Ha, by the assumption of a standard extinction 

law. 

The Ha Galaxy Survey utilised the 1 m JKT telescope on La Palma. However, 

the Brl' line is 104 times weaker than Ha (Osterbrock 1989 for T=10,000 K and 

an electron density Ne = 104 cm-3) , thus a larger telescope, with an IR detector, 

is required for extinction measurements. The UFTI (UKIRT Fast Track Imager) 

camera at UKIRT (United Kingdom InfraRed Telescope) with the Brl' and Br~,z 

filters (centred on 2.166J.1m and 2.173J.1m respectively) was ideal for this work as 

the filters could be used for galaxies with recession velocities up to --l300 kms-i. 

whereas the galaxies in the Ha study have velocities up to 3000 kms-i. 

Three nights of observing time (17-19 JalluaT~" 2001) on Ch]RT were (111'a1'd('d 

for Brl' observations of a subset of the Ha sample. 
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5.4.1 UKIRT observations and data reduction 

Thirty-nine galaxies were selected from the Hex survey sample. Twenty-one of 

these were spirals ranging between Hubble types SOIa to Sd inclusive. The other 

18 were irregulars with a range of absolute magnitudes. Only galaxies with D
25 

major axes less than or equal to 2.0 arcmin were selected. This \\'as to ensure 

that all galaxies would fit on the UFTI field. During the 3-night run, 22 of the 

galaxies were observed through one of the 2 Brr filters and the K' continuum 

filter. 

Exposure times varied from 600 s to 3600 s through the Brr filters, depending on 

the magnitude of the galaxy. The Brr filter was used for galaxies with velocities 

less than 1000 kms-I, and the Brrz filter for those with higher redshifts. A 300 s 

exposure was taken for each galaxy through the K' filter (centred on 2.1123ILm) 

to be used for continuum subtraction. A dark image was taken for each observa

tion, and sky flats and standard stars were observed throughout the night. AJI 

observations were taken as 5-point jitters to enable bad pixel replacement. 

The observations and data reduction were performed using the ORAG-DR pipeline 

package. This package is able to reduce data in near real time whilst still at the 

telescope, however, due to two problems encountered with a number of the im

ages, all the data were re-reduced back at the Astrophysics Research Institute at 

a later date. The two problems encountered were a pattern of rings and streaks 

on many of the images taken through the Brr filter, probably due to interfer

ence effects, and a band of increased noise, thought to be filter vignetting, at the 

bottom of all Brrz images. 

The solution to the first problem was to collect all the affected raw Br", lllWg('S 

(making sure that they had the same size and integration times) and combiIl(, 

them using the FIGARO command medsky. This took the median of the images. 

thus removing any stars and galaxies from the final image, lem'ing onl\' the pil tt('l"ll 

of rings and streaks superimposed on the dark image which had not yet 1)('('11 

subtractcd. This resultant image was then subtracted from the affcct eel Br~ 
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images instead of the dark frame, thus removing both the dark counts and the 

superimposed pattern. 

The strip of noise at the bottom of the Br,z images was removed by editing the 

bad-pixel mask to blank out the area where the band appeared. vVhen the mask 

was added to the images, the pixels in the affected region were set to BLAl\h:. 

This improved the registration and visual quality of the mosaiced images. 

Two different ORAC-DR recipes were used to reduce the galaxy images. JIT

TER_SELF_FLAT was found to produce the smoothest background for the faint 

galaxies. This recipe creates a flatfield frame by combining normalised object 

frames, using the median at each pixel. Detected sources are masked out. For 

large, bright galaxies this recipe is inappropriate as a large percentage of the field 

will be masked out once the galaxy is removed. In these cases the 

BRIGHT_POINT_SOURCE recipe was applied. This uses a pre-determined flat

field frame generated from one of the observations of a blank region of sky taken 

throughout the night. 

Standard stars were all reduced using the BRIGHT_POINT_SOURCE reCIpe. 

Zeropoints for each night were calculated from these stars and confirmed that all 

three nights were photometric. The standard stars were also used to calculate 

the scaling factors between the two Br, filters and the K' filter. For the 10 stars 

observed through both the K' and the Br, filters, the mean ratio of detected 

counts, K' /Br" was found to be 10.74±0.10. A value for K' /Br,z of 7.13±0.09 

was derived from the 8 standard stars observed through these filters. 

All images were normalised to one second integration time. The K' images were 

divided by the above scaling constants and registered to match the appropriate 

Br, observation before being subtracted to remove the continuum emission. 
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5.4.2 Brl' detections 

Out of the 22 galaxies observed, only 8 showed any sign of Brl' detections after 

continuum subtraction. In the cases of 6 of these, there were 1-3 detections 

of small, isolated regions. The Brl' image of UGC5786, however. contained a 

detection of nearly the whole galaxy, with 8 strong regions that particularly stood 

out (Figure 5.7). UGC5786 is the brightest galaxy observed in Hex as part of the 

Hex Galaxy Survey (Figure 5.8). 

The Brr detections measured in counts per second were converted into fluxes 

with units Wm-2 taking into account filter profiles, transmission values through 

the filter for the appropriate redshift of the Brl' line. the zeropoint for the night 

and the airmass of the observations. 

In order to correlate the Brl' regions with their Hex counterparts, the Brl' data 

were reb inned to match the pixel scale of Hex images. This was done using the 

magnify command in the IRAF package. The pixel size of the JKT images is 

0.33" /pixel, whereas the images from UKIRT have a pixel size of 0.09" /pixd. 

The Brr images were therefore binned up by a factor of 3.66. 

To measure the coordinate offset between the two sets of data, the centroid was 

found for the galaxy nucleus in both the JKT R-band image and the UKIRT 

K'-band image. In the cases where there was no bright nucleus, a bright, non

saturated star was used. An investigation using centroids of several stars around 

one galaxy showed no significant rotation effects between the two data sets. 

Brr fluxes were calculated by placing an aperture around each region. An annular 

Sk~T region was taken in cases where there were no other sources nearby. In the 

case of UGC5786, in particular, it was more suitable to take a separate sk~' 

region situated well away from the galaxy. Random measurement errors w(,re 

inv('stigated in several ways. The centroiding option was turned off and 1 he 

aperture was nlOved by small amounts, whilst still maintaining full cm'erage of 

the sourc(', Photometr~' measurements were taken and the different results noted. 



5.4. Internal extinction 76 

Figure 5.7: Br, image of UGC5786. Regions investigated in Table 5.4 are labeled. 
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Figure 5.8: Ha image of UGC57 6. Regions investigated in Table 5.4 are lab 1 d. 
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The sky regions were varied, either by changing the inner and outer radii of the 

sky annulus, or by changing the size and position of the separate sky region. The 

variation in results obtained was combined with those from the first inYestigation 

to calculate the mean value for the number of detected source counts "'ith the , 

error conservatively estimated as the standard deviation of the different estimates. 

Using the KAPPA command creframe, a frame was created with a random distri

bution of 25 artificially-generated sources with two-dimensional Gaussian profiles. 

The FWHM of these objects was set to be 10 pixels superimposed on a background 

with a constant value of O. This size was comparable to the average size of the 

real sources detected in the Brl frames. Aperture photometry was then applied 

to find the mean 'flux' value of the artificial sources. 

For each detected real source, the artificial frame was scaled to match the source 

count rate and added to the real frame. Aperture photometry was then performed 

on the embedded fake sources and the standard deviation in values was used 

as a measure of the error in the determination of the flux of the real source. 

The artificial sources investigated the non-Gaussian and systematic effects of the 

structure found in the background. 

These sky-background errors dominate over other sources of error, such as the 

uncertainty in the continuum scaling factors. 

The apertures around the Brl regions were saved and transformed to the Ho: 

coordinate system. The Ho: flux for the corresponding region was then calculated. 

In most cases, the regions detected in Brl matched up with obvious regions in 

the Ho: image, however in some cases the Brl region seemed to bear no relation 

to the galaxy as seen in Ho:. One particular example of this was UGC4115, wher(' 

a fairly definite Brl signal was around 10 times stronger than anything seen in 

the corresponding region in the Ho:. This galaxy was actually obseryed twice, ()ll 

both the first and third nights. Close comparison of the two images H'\'paled that 

t.he Brl region appeared in a slightly" but significantly, different position in ('ach 

irnag('. This would impl:v" that, whateH'r the detection \\"as. it was not relat('d 
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to the galaxy. This also raised into doubt the reality of several of the other Br~: 

detections with no Ha counterpart, such as the region in UGC3734 and one of 

the regions in UGC2455. 

An error on the Ha measurement was calculated by moving around and v;:u,"

ing the size of the sky regions. This was found to be much less than the errors 

introduced by the Brr measurements. The dominant source of error when calcu

lating Ha fluxes was shown in Chapter 3 to be the uncertainty in the continuum 

scaling factors (rv 10% for a typical galaxy observed through the h6570 or h6594 

narrow-band filters). The total uncertainty was shown to be around 15%. 

Table 5.4 shows the Brr fluxes and their corresponding Ha fluxes for all the 

detected regions, with the exception of those dubious detections with no Ha 

counterpart. The 1cr errors given are those derived from the slight movement 

of the Brr aperture and changing the sky region (1), the variation in counts 

measured from fake sources with the same flux as the object (2), and the error 

analysis for Ha fluxes in Chapter 3 (3). 

UGC3711 was observed on two nights: 17/01/01 (N1) and 19/01/01 (N3). The 

Brr fluxes for both galaxies are in agreement within the quoted errors. 

In column 9, the ratio of the detected fluxes is presented. Given that the intrinsic 

flux of the Brr line is 104 times less than that of Ha but that the effective 

extinction is a factor of 7.1 times lower, we find that the Ha extinction coefficient, 

A(Ha) can be calculated from the detected flux ratio using the following relation: 

( 
104 ) A(Ha)=2.910log F -Ac(Ha). 

O. 75 x --.lJ..Q.. 
FBr'"'( 

(0.3) 

A(; (H a) is the correction for Galactic extinction, as discussed in Section ;") .3. 

The factor of 0.75 comes in to correct for [NIl] contamination in the Ho flux (s('(' 

S('ction 5.1). This is the correction recommended b~" Kennicutt (1983). however. 
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UGC type region FBr-y(Wm 2) 10"(1) 10" (2) FH",(Wm 2) lo-(3) ~ 
FBr.., 

A{HQ ) 

2455 IBm 1 6.662 X 10 Ib 10.5% 8.8% 2.501 x 10 10 15% 37.5 1.05±0.13 
2 1.543 X 10- 18 36.0% 35.0% 2.629 X 10-18 15% 1.7 4.96±0.39 

3711 (N1) IBm 1 4.460x 10- 18 10.3% 17.0% 2.304xlO- 16 15% 51.7 1.01±0.20 
2 1.376 X 10- 18 15.7% 28.0% 5.278xl0- 17 15% 38.4 1.39±0.31 

3711 (N3) 1 4.154xlO- 18 6.2% 15.2% 2.304 X 10- 16 15% 55.5 0.92±0.18 

2 1.017x 10- 18 11.2% 48.0% 5.278x 10- 17 15% 51.9 1.01±0.49 

5731 SAab 3.878 X 10- 17 11.4% 3.6% 1.190x 10-16 15% 3.1 4.73±0.15 

5786 SABbe 1 2.306 X 10- 17 2.3% 2.9% 3.881 X 10- 16 15% 16.8 2.61±0.03 

(pee) 2 2.175xlO- 17 4.3% 2.9% 1.587X 10-15 15% 72.9 0.75±0.05 

3 7.864XlO- 18 4.2% 7.6% 3.228x 10-16 15% 41.1 1.48±0.09 

4 3.307XlO- 18 8.3% 14.1% 1.066Xl0- 16 15% 32.2 1.79±0.04 

5 6.305x 10- 18 2.0% 9.8% 1.841 x 10- 16 15% 29.2 1.91±0.06 

6 8.373XlO- 18 4.5% 7.6% 3.909xlO- 16 15% 46.7 1.32±0.09 

7 9.488 X 10- 18 3.2% 7.6% 2.396 X 10- 16 15% 25.3 2.09±0.09 

8 8.399XI0- 18 16.6% 7.6% 5.144x 10-16 15% 61.2 0.97±0.20 

6123 SBb 8.291XlO- 18 9.1% 11.1% 4.983x 10- 17 15% 6.0 3.90±0.13 

7985 SABd 1.229X10- 18 10.8% 32.6% 9.410xlO- 17 15% 76.6 0.68±0.35 

Table 5.4: Results from the investigation of BpI' regions. Column (1) gives the 
UGC number of the galaxy. Column (2) gives the Hubble type. Column (3) 
identifies the region investigated. Column (4) gives the Br, flux measured for 
that region and column (7) gives the corresponding Ha flux. Columns (5),(6) and 
(8) give 1a errors on these measurements, as described in the text. Column (9) 
gives the ratio of the fluxes and column (10) gives the Ha extinction coefficient 
calculated from these values. 

if we substitute the value 0.83, suggested by the mean Ha/(Ha + [NIl]) ratio for 

the four entire galaxies in Table 5.1, the values of A(Ha) will be slightly lower. 

As an example, the extinction found for region 3 of UGC5786 will fall from 1.48 

to l.35 if this change is made. 

The values of A(Ha) for each region are recorded in column 10. In most cases 

the extinction values lie between 0.5 and l.8 mag, in agreement with the findings 

of previous studies. Four regions have significantly higher values (>2.5 mag), 

indicating large amounts of extincting dust. The three high extinction regions in 

UGC5731, UGC6123 and UGC5786 are all situated in the nucleus of the galaxy. 

The high region in UGC2455 coincides with a region that is bright in the R-band 

image, but appears faint and diffuse when viewed in Ha. 

Unfortunately there are not enough data to investigate a correlation betweell 

extinction and Hubble type. The results do show, however, that extinction \"alu('s 

vary within a single galaxy and so seem to be associated with the star-forming 

regions themselves. Particularly high levels of extinction are found in and arollnd 

nuclear regions. 
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5.4.3 Putting limits on Br, detections 

Due to the low number of Br, detections in our observations, an inyestigation was 

performed to find the minimum flux that a region would need in order to giyp a 3(J 

detection in each image. This was done by creating a frame with randomly-placed 

artificial sources as discussed in Section 5.4.2. The generated frame was then fP

normalised and added to each of the observed Br)' galaxy images. Photometr~· 

was performed on the artificial sources and the mean value, along with the 1(J 

error was calculated. The re-normalisation factor was adjusted until the mean 

value fell below 3eT. The mean count rate was then converted into a flux in the 

same way as if a real Br, source was being investigated - taking into account the 

zeropoint, airmass and redshift of the galaxy image frame. This calculated flux 

corresponds to the minimum Br, source flux that we could reliably detect (to a 

3eT certainty) in each frame. 

The results varied from frame to frame, but were all between l.2 and 5.7 XlO- 18 

Wm-2 . This range is around the same as the values detected fOf the fainter Bl"'i 

regions. Thus we are detecting Br, at the very limits of that which is possible 

with the UKIRT images. Lower fluxes will not be reliably detected above the 

background. 

This work was followed up by an investigation into whether there were any Br)' 

regions that should have been detected, but were not. For each galaxy observed 

by UKIRT, the Ha image was examined and the fluxes of the brightest Ha regions 

were measured. If an extinction of A(Ha) = l.1 mag is assumed, there should be 

corresponding Br, fluxes approximately 44 times fainter than these Ho fluxes. 

In all cases where the predicted Br, flux for a region was greater than or dose 

to the calculated minimum Br, flux that would give a 3(J detection, aperture 

photometry was carried out on the region in the Br, image. 

Fourteen regions were investigated in 9 different galaxies. In the majority of 

cases a.ll~· 13rj flux found was below the 3a certainty len'l. Two llt'W regions \\"(\1'(\ 

identified however. one in UGC24~)j and a further one in CGC5i8Ci (belm\" region 
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UGC type region FBr..,(Wm 2) 10"(1) 10"(2) FHo.(Wm 2) ~ 10"(3) 
FBr ... 

A(Ho.) 

2455 IBm 2.994x 10 .• " 25.3% 17.7% 9.650x10 -. 15% 32.2 1.24±0.29 

5786 SABbe pee 2.820x 10- 18 24.0% 16.4% 1.080x 10- 16 15% 38.3 1.57±0.c-

Table 5.5: Results from the investigation of Brr regions identified from the Ho. 
The layout is the same as in Table 5.4. 

2 in Figure 5.7). Details of these are presented in Table 5.:J. 

The extinction values obtained here are consistent with those found previousl~·. 

For the remaining regions, the upper limits for detectable-Brr fluxes found using 

the randomly-placed artificial sources were used to place upper limits on the 

extinction coefficient for these regions. These are shown in Table 5.6. The limits 

show that the extinction values in these Ha selected HII regions do not lie abon' 

the range of mean extinctions found by other authors (i.e. 1.8 mag). The region 

investigated in UGC2392 has A(H a) < 0.20 mag and, thus, appears to contain 

much less extincting dust than normal. 

U sing the artificial-sources investigation, no 3a limits for Brr detections w(,1'e 

found with fluxes less than FHa /104. This value is the minimum limit in the case 

where there are no extinction effects and our temperature and density assump-

tions about the HII regions apply. 

5.4.4 Br, fluxes in the literature 

Brr fluxes for a further two galaxies in our Ha sample have been measured 

previously during spectroscopic studies of extinction in starburst galaxies. These 

values have been published in Kawara et al. (1989), Ho et al. (1990), and Calz{'tti 

et al. (1996). 

The Ha fluxes for the corresponding areas were found from our data and used 

to calculate the values for the Ha extinction coefficient in t h{'se regions. III t}w 

case of UGC12699, the region investigated was the bright starburst nucleus. F()r 

lIGC8098, Calzetti et al. (1996) observed the lllain star-forming region, \\'hich is 
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UGC region FHo.(Wm 2) F Br,,(Wm- 2 ) ~ A(Ho.) 
FBr.., 

2392 1.240x 10 =TO <1.299x10 ·us >95.46 <0.20 
2455 a 6.540x 10- 17 <1.759x 10-18 >37.18 <1.06 

b 7.260XlO- 17 <1.759x 10- 18 >41.27 <0.93 
3711 1.300 X 10- 16 <1.802XlO- 18 >72.14 <0.59 
5731 1.600xlO- 16 <2.693XlO- 18 >59.41 <1.00 
5786 1.070 x 10- 16 <1.742x 10- 18 >61.42 <0.97 
6797 1.530x 10-16 <2.162XlO- 18 >75.39 <0.70 
7232 1.130XlO- 16 < 2.611 x 10- 18 >43.28 <1.39 
7690 1.980xlO- 16 <3.092XlO- 18 >64.04 <0.89 
7985 a 1.380 X 10- 16 <2.727XlO- 18 >50.61 <1.20 

b 1.190x 10- 16 <2.727XIO- 18 >43.64 <1.39 
c 1.820x 10- 16 <2.727XlO- 18 >66.74 <0.85 

Table 5.6: Extinction limits for the regions with the brightest Ha fluxes. but with 
no Brr detections above the 30" limits calculated using randomly placed artificial 
sources. 

located a long way south of the nucleus. 

The quoted Brr fluxes, the measured corresponding Ha fluxes and the calculated 

values for the Ha extinction coefficient are presented in Table 5.7. 

The three values for UGC12699 are all in very good agreement within the quoted 

uncertainties. The extinction value in UGC8098 is low, but within the range 

quoted in the literature for individual Hn regions. 

5.4.5 The dependence of internal extinction on inclination 

and morphology 

Inclination 

It is of interest to the HaGS study to find whether internal extinction correctiolls 

are dependent on the observed inclination of a galaxy. The Brr investigation 

was not able to provide effective Ha extinction values for entire galaxies. ollly 

individual regions. In addition, detections of Brr were only made in 8 galaxies. 

The UCM collaboration (see Section 1.3.2), however, haye published data tables 

('ontaining galaxy ellipticities (Perez-Gonzalez et al., 2001), morphologies (\'itol'(,s 

('t al., 1996a) and E(B-\') colour excesses (Gallego et al., 1996) for a large llumlH'r 

of galaxies in their surye~·. 
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Reference UGC FBr..,(Wm -:l) FHa(Wm -:l) FHa/ FBr-r A(Ha) 
Kawara et al. (1989) 12699 (5.1 ± 1.2)x10 :IT (2.23±0.33)x10 -10 43.7 1.32±0.26 

Ho et al. (1990) 12699 (4.7)x 10- 17 (1.95 ± 0.29)x 10- 15 41.5 1.38±0.17 
Calzetti et al. (1996) 12699 (4.99 ± 0.20)XlO- 17 (2.23 ± 0.33)XlO- 15 44.7 1.29±0.05 
Calzetti et al. (1996) 8098 (3.05 ± 0.18)XlO- 17 (2.72 ± 0.41)X10- 15 89.2 0.53±0.07 

Table 5.7: Results using Br, fluxes quoted in the literature. 

The standard conversion of ellipticity to inclination, i, for spiral galaxies is gi,-en 

by: 

(5A) 

where q is the axial ratio (equal to 1 - the ellipticity), and go is the intrinsic axial 

ratio (Hubble, 1926). go is assumed here to be 0.2 (Holmberg, 1958). 

The colour excess values in Gallego et al. (1996) are computed using either H, /HfJ 

or Ha/H,B observed intensity ratios. Corrections for Galactic extinction can be 

found in Vitores et al. (1996a). These have been determined from the Burstein 

& Heiles (1982) maps at the Galactic coordinates of each UeNI object. The 

corrected values of E(B-V) can be converted to A(Ha) using the extinction law 

of Cardelli et al. (1989), which gives: 

A(Ha) = 0.828 x Rv x E(B - V) (5.5) 

where 

Rv A(B) - A(V) 
A(V) A(V) = 3.1. 

E(B - V) 
(5.6) 

Figure 5.9 shows the calculated Ha extinction in magnitudes plotted against the 

cosine of the inclination for 109 UCM spiral galaxies. The solid line is the best

fit straight line through the points calculated using the least-squares rrgression 

rnethod. The equation of the line is 

A(Hn) = 1.712 - 0.4:4:0 x cos(i). 
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Figure 5.9: The Ha extinction coefficient plotted against the cosine of the incli
nation for 109 UCM galaxies. 

However, the linear correlation coefficient for this fit is 0.106 , indicating the Ig

nificance for the relationship to be just 72%. On this evidence, it is fair to say 

that there is no significant correlation between extinction and galaxy inclination. 

Morphology 

We can also use the UCM data to investigate whether there is significant type

dependence of extinction values. Vito res et al. (1996a) classify each of the UCM 

galaxies according to the classical Hubble types , as well as including the BCD 

(Blue Compact Dwarf) type . They define BCDs as galaxies possessing all of the 

fo llowing properties: compact appearance in the direct image, linear size (D24 ) 

lower than 10 kpc, luminosity Mr > -19, and photometric parameters typical of 

later Hubble types. Spectral information from Gallego et al. (1996) was also us d 

for confirmation. 

The extinctions calculated from the colour-excess values in Gallego et al. (1996) 

are plotted against the assigned morphologies in Figure 5.10. The plot featuring 

th individual galaxy values shows a large amount of scatter within each gala.'.:: 

type. Vitores et al. (1996a) estimate the typical uncertaint in their adopted 

lnorphologies is about one Hubble type. However this i unlik 11' t b t 11p 

prilnary ause of the catter, as in pection of the mean xtinction for a·h galaxy 
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Figure 5.10: The Ha extinction coefficient plotted against Hubble type. The plot 
on the left shows the mean values for each type, with the error bars representing 
the standard deviation divided by the square root of the number of galaxies of 
that type. The plot on the right shows each of the 120 UCM galaxies for which 
both extinction and morphology data are available. 

type reveals that A(Ha) varies very little between SO and Sb type galaxie . The 

mean extinction is slightly lower for late-type spirals and drops dramatically for 

irregulars and BCD galaxies. 

Kennicutt (1998) recommends an Ha extinction value of 1.1 mag for all galaxy 

types. Figure 5.10 would suggest higher corrections of around 1.5 mag for early

type spiral galaxies, 1.2 mag for late-type spirals , and a lower value of around 

0.4 mag for Magellanic irregulars and dwarf galaxies. 

5.4.6 Internal extinction - summary and conclusions 

Twenty-two galaxies were observed through Br1' filters at UKIRT in order to 

investigate the effects of extinction internal to the galaxies observed in the HaGS 

sample. Only 8 of the galaxies provided any detections of Br1' however with mo 

of these containing just 1-3 isolated regions of measurable flux. UGC5786 wa 

the only object where nearly the whole galaxy could be detected in BrT The e 

data annot be used, therefore, to investigate the overall effective extin tion for 

ntire galaxies. 

Ha extinction co ffi i nt w r calculat d for ea h of the individual r g l llS 

and hav been plott d in Figur 5.11 along "with he upper linli cl riv 1 fr III 
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Figure 5.11: The Ha extinction coefficients and upper limits calculated u ing 
Brry fluxes, plotted against Hubble T-type. Error bars have been omitted for 
clarity, but uncertainties can be found in Tables 5.4, 5.5 and 5.7. The solid line 
is positioned at A(Ha)=1.1 mag, and the dashed lines at 0.5 and 1.8 mag. 

investigating the regions with the highest Ha fluxes. In most cases, A(Ha) values 

are found to be in the 0.5-1.8 mag range quoted in the literature and bounded by 

the dashed lines in the plot. Errors bars have been omitted here for clarity, but 

one third of the plotted values are consistent with the Kennicutt (1998) value of 

1.1 mag, represented by the solid line. Higher extinction values were found in 

nuclear regions, indicating the presence of large amounts of extincting dust. 

Not enough data were available here to investigate any relationship with galaxy 

morphology. It is clear, however, that A(Ha) varies even within single galaxies. 

The UCM Ha survey has provided extinction, inclination and morphology data 

for over 100 galaxies. Investigating the relationship between inclination and ex

tinction shows no evidence of a correlation. Thus, no correction for inclination 

will be applied to the HaGS data when extinction is account d for. I ennicu tt 

(1998) adopts a single correction for all Hubble type of 1.1 mag. Th I data. 

howev r, uggest a correction of 1.5 mag for early- piral t~'pe ( 0- b ) 1.2 Illag 

for lat - piral t p (Sc+) and OA rnag for irregular and dwarf galcLxi ' . 
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The Kennicutt correction was applied when calculating SFRs in this work as it 

is the most commonly used in similar studies. However, the effects of applying 

the type-dependent corrections suggested above will also be investigated in this 

thesis. 



Chapter 6 

Comparison of Ha and IR SFRs 

The IRAS satellite has measured FIR fluxes for over 30,000 galaxies (Moshir 

et al., 1992). As mentioned in Section l.4.3, the far-infrared continuum can be 

used as an indirect tracer of star formation. Thus, the data from IRAS contain 

huge potential for the study of star formation in galaxies if they can be accurately 

calibrated. 

Complications arise from the uncertainties in the processes responsible for the 

heating of the IR-emitting dust. Devereux & Young (1990) and Devereux & 

Hameed (1997) argue that high-mass ionising stars dominate the dust heating. 

If this is the case, then the FIR luminosity of a galaxy should correlate well with 

the Ha luminosity, since this is also the result of the UV radiation field from 

OB stars. Others (e.g. Lonsdale Persson & Helou 1987; Buat & Deharveng 1988; 

Sauvage & Thuan 1992) have argued that cirrus emission from dust heated by the 

general stellar radiation field, including old, low-mass stars, is also an important 

factor. In this case, we would expect early-type galaxies, with older overall stellar 

populations, to produce higher FIR luminosities than predicted by Het-calculated 

SFRs. 

The large size of the HaGS salllple, combined with the excellent coypragp of gaL!x\" 

morphologies and surface brightnesses, makes it a good test bed for illYestigatilll-', 

the reliability of using FIR lunlinosities to trace high-mass st al' formation. 

88 
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6.1 IRAS flux densities, FIR luminosities and 

converting to SFR 

The HaGS sample was cross-correlated with the IRAS Faint Source Catalogue 

v2.0 (FSC) using a search radius of 60.0" around the galaxy positions quoted in 

NED. 178 galaxies were found in common. 

A convenient representation of the FIR flux measured by IRAS is that defined 

by Helou et al. (1988): 

(6.1) 

f60 and floo are the nominal flux densities (in Jy) within the 60 and 100 11m 

bands measured by IRAS. FFIR is the flux that would be measured (in Wm-2
) 

from a source within a 'square-wave' bandpass, 80 f-Lm wide, centred at 82.5 f-Lm. 

The photometric uncertainties of the fl ux densities are rv 1 0-15 % (Beichman et al.. 

1985). 

The FIR luminosity, in Solar units, is given by: 

(6.2) 

where D is the galaxy's distance in Mpc, calculated as described in Section 3.11. 

The calibration of LFIR to SFR varies within the literature and depends on 

assumptions about the star formation timescale. Kennicutt (1998) gives a cali

bration calculated for starbursts with ages less than 108 years. In more quiescent. 

normal star-forming galaxies, the empirical relation found by Buat & Xu (1996) 

is the most appropriate, and hence is used here: 

SFR (M8 yr- l ) = 3(2 - 6) x 10-10 
LFIR (L.). (6.3) 

This correlation is based on IRAS and tTY flux measnrClllellts of 1.~)2 disk galaxies. 
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The values given in brackets indicate the 10- interval found for the FIR to C\' lu

minosity ratio. The IMF assumed here has a high-mass power-law index equal to 

-2.5 (Scalo, 1986) and an upper-mass cutoff of 100 Mev. It should be remembered 

that the Ha SFRs are determined assuming a Salpeter ndF (Salpeter. 19;:50). 

6.2 Comparing HaGS and IRAS star formation 

rates 

The 178 galaxies with both HaGS and IRAS SFRs are plotted in Figure 6.1. 

The galaxies are coded by galaxy type. The dashed line in the figure represents 

a one-to-one correlation. The solid line is the best-fit line calculated from a 

least-squares regression fit to the data. The equation of this line is: 

log(IRAS SFR) = 1.181og(Ha SFR) - 0.34. (6.4) 

The plot shows a good correlation between the two measures of SFR, although 

there is a significant deviation from the one-to-one line. The linear correlation 

coefficient is 0.91 (where a value of 1 is a perfect correlation and a value of 0 

indicates no correlation), with a significance of >99.99%. For the most rapidly 

star-forming galaxies, predominantly Sb-Sc types, the two measures of SFR agree 

very well. For the galaxies with lower SFRs, comprised mainly of the later types~ 

the FIR tracer seems significantly to underestimate the star formation, compared 

to the Ha. 

Figure 6.1 can be compared with the middle plot of Figure 1.1, where Ha SFRs 

are plotted against SFRs from radio-power measurements. The latter can be 

replaced by 60 /-Lm IR emission, since the top plot shows a strong one-to-one 

correlation between the two. The increased scatter in Figure 1.1 can largely be 

accounted for by the large number of different data sets the points are extulct('d 

frmIl. The trend for IR measurements to predict lower SFRs at the low end of 
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Figure 6.1: The SFRs derived using infrared compared to those found from th 
Ha data. The dashed line is the one-to-one relation and the solid line is th 
best-fit line to the data. The axis on the right displays the FIR luminosity of the 
galaxies in Solar units. 

the scale than the Ha measurements is visible here. One possible reason for this 

is that galaxies with low SFRs may have lower dust opacities, and thus be less 

efficient at absorbing the stellar-UV radiation field from new stars and re-emitting 

it at infrared wavelengths. Other possible causes of this trend are mentioned in 

Section 1.4.6. 

The slope of a best fit-line to the points in the middle plot of Figure 1.1 would 

clearly fall some way from 1, and an attempt to measure this gradient by hand 

results in a value of approximately 0.7. The corresponding gradient for the HaGS

IRAS relation is 0.85. Both investigations show that the assumption of a linear 

correlation between FIR luminosity and SFR in Equation 6.3 doe not app ar to 

b valid. This is further supported by Sauvage & Thuan (1992) who find a lop 

of 0.69 when examining the saIne relationship for a sample of 135 galaxi . Th \' 

argu that this supports the two-component model wh r th FIR lUl11in ~it~r 

·om s from both star-forming region and quie cent cirru -lik r gion f the 
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ISM. 

The right-hand axis in Figure 6.1 displays the FIR luminosity. The plot clearly 

shows a strong, tight correlation between FIR luminosity and the SFR as de

termined by the Hex luminosity. If the latter is assumed to be an accurate and 

reliable measure of the total star formation (bearing in mind the uncertainties 

in extinction and [NIl] corrections), then Equation 6.4 can be used to derive a 

non-linear, empirical correlation between FIR luminosity and the star formation 

rate of a galaxy: 

(6.5) 

Since this equation is derived from SFRs calculated using Equation 3.12, the same 

Salpeter IMF assumption will apply (see Section 3.7). 

6.3 The dependence of the FIR luminosity on 

galaxy morphology 

The galaxies in Figure 6.1 are coded by morphological type. It can clearly be 

seen that the early-type galaxies (SO / a-Sab) tend to lie above the best-fit line, 

indicating an excess of FIR flux compared to the predictions of the new calibra

tion. This is in agreement with the findings of Buat & Xu (1996) and supports 

the theories of old, low-mass stars contributing significantly to the dust-heating 

stellar-radiation field. Young et al. (1996), for their sample of 120 disk galaxies, 

and Devereux & Young (1990), for 124 spiral galaxies from the surye~' of Kenni

cutt & Kent (1983), on the other hand, find no significant difference in the regions 

where the early- and late-type spiral galaxies are located on their equivalent plots. 

Figure 6.2 contains histograms of the ratio of the FIR SFR (as calculated using 

Equation 6.5) to the Hex SFR for different galaxy morphologies. The diffen'll("(, 

between ('arl~' and late types is immediatel~' clear. The 22 earl~'- t~'I)(' spirals 
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SO/a-Sab Sb Se Sed-Sm 1m SO/a-1m 
mean ~FR(FIJ{) A(H) 11 

SFR(HQ) , 0: - . 3.17±0.91 1.29±0.09 0.86±0.05 0.62±0.06 1.28±0.13 
SFR(FIR) . 

mean SFR(HQ) ' vanable A(Ho:) 2.18±0.66 0.89±0.06 0.78±0.05 1.18±0.1l 1.05±0.09 

N 22 70 62 24 178 

Table 6.1: The mean ratios of the SFRs calculated from FIR and Ho data for 
different Hubble types. 

(SOja-Sab) display the largest scatter, but clearly show the highest IRASjHaGS 

SFR ratios. As we go along the Hubble sequence to later types, we see this ratio 

systematically decreasing. The mean ratios and their standard errors are given 

in the top row of Table 6.1. The trend is the same as that seen by Sauvage & 

Thuan (1992), but much stronger than the findings of Devereux &= Young (1990) 

and Young et al. (1996). 

As well as contributions from the old stellar populations, there are several other 

possible causes of the observed decrease in SFR(IRAS) jSFR(HaGS) along the 

Hubble sequence. In Figure 5.10, we saw that the Ha extinction is higher in early

type spiral galaxies and falls off towards the latest types. The Ha luminosities 

used to calculate the SFRs here have all been corrected by the same extinction 

factor (A(Ha)=1.1 mag), irrespective of galaxy type. If we have underestimated 

the extinction in early-type galaxies, then the Ha luminosities will also be un

derestimated and the observed SFR(IRAS) jSFR(HaGS) will be too high. The 

converse is true for the late types. Kewley et al. (2002) compare IR and Ha SFRs 

for a sample of 93 galaxies before and after correcting each galaxy individually 

for extinction. Before corrections they find the same trend as above, but after 

the corrections are applied they find that the SFR(IR) /SFR(Ha) ratios for earlv 

and late types are approximately equal. 

The results of replacing the standard 1.1 mag correction in the HaGS sample with 

the corrections suggested by the UCM data in Section :JA.5, i.e. 1.5 mag for SO/a

Sc, 1.:2 mag for Scd-Sm and OA mag for 1m galaxies, can be seen in Figure 6.3 

and in the second row of Table 6.1. From these results. it appears that extinctioll 

effects are at least partl~' responsible for the morphological dependence. 
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Another possible cause is the increased Hex absorption by the underlying stellar 

population of early-type galaxies. Metallicity variations along the Hubble se

quence will also have an effect. Sd-Im galaxies are known to be metal poor (see 

e.g. Pagel & Edmunds 1981), and in regions of lower metallicity there is less dust 

present to absorb the bolometric luminosity. The re-emitted FIR luminosity may 

thus be low in these galaxies, compared to the Hex emission. 



Chapter 7 

Star formation w-ithin galaxies 

There are many problems with the current understanding of the formation and 

evolution of disks in galaxies. The impacts of spiral arms (see e.g. Roberts 1969; 

Seiden & Gerola 1982; Seigar & James 2002), bars (see e.g. Sersic & Pastoriza 

1967; Martinet & Friedli 1997; Ho et al. 1997), and the infall of new gas (see 

e.g. Stephens & Velusamy 1989; Phookun et al. 1993) on the distribution of the 

stellar and gaseous content of disks are still not fully understood. Environmental 

effects, such as interactions with intra-group or intra-cluster media (see e.g. Gunn 

& Gott 1972; Dressler & Gunn 1983; Mulchaey et al. 1993; Koopmann & Kenney 

2002), or tidal interactions with a close neighbour (see e.g. Kennicutt et al. 1987; 

Bushouse et al. 1988; Byrd & Valtonen 1990; Moore et al. 1996) can also affect 

the distribution of stars and gas within a galaxy. It is also interesting to look at 

evolutionary changes in disks, implied by the relative distribution of young and 

old stars. 

Probably the major advantage of a photometric imaging survey over a spectropho

tometric survey is the ability to map star formation over the entire galaxy. One 

of the principal aims of the Ha Galaxy Survey is to investigate the st ell' form<l t i()n 

distribution within galaxies. These galax~T maps also allow indiyidual regions of 

star formation to be identified and investigated. Galaxies \\"ith unusual star for

llliltioll distributions, such as those involved in interactions, can als() 1)(' (,<lsii.\" 
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recognised. 

7.1 Calculating concentration indices 

A straightforward approach to investigating star formation distribution, "'hich 

enables easy comparisons between different galaxies, is to examine the concen

tration of Hex light within a galaxy. It is also of interest to compare this to the 

concentration of the continuum emission from the galaxy to see how the star 

forming regions are distributed with respect to the older stars. 

7 .1.1 Effective radii 

A first attempt to compare the relative concentrations of old and new stars is to 

take the ratio of the effective radii rein each band. The effective radius is the serni

major axis of the ellipse that contains half of the total light of the galaxy. The 

total Hex-flux value was taken to be the value found in Section 3.6 and the total R 

flux was similarly taken as the value when three consecutive points in the growth 

curve varied by less than 0.5%. The data measured using elliptical apertures were 

utilised for inclined spiral galaxies, and that from circular apertures for face-on 

spirals and irregular galaxies. 

Galaxies with higher central concentrations will have lower effective radii. If 

the Hex light is more centrally concentrated than the R light, then the ratio 

r(' (Hex) / r e (R) will be less than 1. 

7.1.2 The IOgC31 index 

A more sophisticated method to investigate the internal distribution of light in a 

galax~' is the use of concentration indices. A concentration index is an objectiy(\ 

trac('r of the radial light distribution of a galax~' and will be correlated with the 
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bulge-to-disk ratio and Hubble type of the galaxy Udorgan, 1958; de Yaucouleurs. 

1977; Kent, 1985; Abraham et al., 1994). 

de Vaucouleurs (1977) introduced the commonly used C31 index. This is defined 

as the ratio of radii that contain 75% (r75) and 25% (r25) of the total (asymptotic) 

galaxy luminosity. These radii are chosen so that the inner radius is not so small 

as to be affected by seeing corrections, whilst the outer radius is not so large as 

to be affected by errors arising from uncertainties in the sky background (Kent. 

1985) . 

The measured Rand Ho: growth curves for the galaxies in the Ho: sample were 

used to find values of r75 and r25. The total Ho: and R flux values were defiIled 

in the same way as for the effective-radii calculations. The concentration index 

for each galaxy was taken as: 

(7.1 ) 

A centrally concentrated galaxy will have a smaller r25, and thus a larger value for 

the concentration index than a galaxy where the light is more evenly distributed. 

For a constant-surface-brightness, 'top hat', light profile, Equation 7.1 gives C I 

= 0.239. An exponential profile (such as would be expected from a galaxy'S disk) 

will have a concentration index of 0.447, whereas an r 1
/
4 law profile (similar to 

many galaxy bulges) will have a concentration index of 0.845. 

The relative distributions of Rand Ho: light can be compared by subtracting the 

Ho: index from the R index. A positive value indicates that the continuum light 

is more concentrated, whereas a negative value shows that the Ho: light is mor!' 

centrally concentrated. 

7.1.3 The Petrosian index 

A second definition of the (illyerse) concentration index is t hat ll~(\d In' :)hilnasaku 

(\t. al. (:2001) to inYcstigate the light distribution of galaxies Oh";('r\Td a~ part (l!' 
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the Sloan Digital Sky Survey (SDSS): 

where rp50 and rp90 are the radii which contain 50% and 90% of the Petrosian 

flux, respectively. The Petrosian flux is the flux within the Petrosian radius. "p' 

which itself is defined as the parameter that satisfies 

_ l(rp) 
77 - 21f J;p l(r)rdr/(1fr~ x (b/a))' (7.3) 

I (r) is the surface-brightness profile of the galaxy, so 77 is the ratio of the surface 

brightness at r p to the average surface brightness within that radius (Petrosian, 

1976). For values calculated using elliptical apertures, the radius is replaced b)' 

the semi-major axis of the ellipse. The factor (b/a) is the ratio of the semi-minor 

to semi-major axes and will equal 1 when circular apertures are used. Shimasaku 

et al. (2001) adopt 77 = 0.2. Centrally concentrated galaxies will have a lower 

Clp . 

The advantage of this definition of a concentration index is that using surface

brightness ratios is more objective and less susceptible to fluctuations in sky back

ground than approximating the total flux of the galaxy. The Petrosian quantities 

are also physically well defined, independent of the distance of the galaxy or ex

tinction. A further reason for calculating these indices for the low-redshift HaGS 

galaxies is to enable a comparison with higher-redshift Universe as sampled by 

the SDSS. 

The Petrosian concentration index works well when investigating the smooth, 

continuous surface-brightness profiles of the R-band and HaCont images. The 

Ha emission from galaxies, however, often does not form such a continuous pro

file, but will consist of discrete individual regions of flux. The ratio of the surface 

brightness at a point to the average surface brightness up to t hat point will llot 

fall off in the same, steady way as for the continuUln images. but \\"ill fluctuate 

depending on the nUlnber of HII regions at that radius. This 111ak('s the defini-
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tion of the Petrosian radius a less suitable reference point by 'which to define a 

concentration index. An example of this problem can be seen in Figures 7.1-7.3. 

The relative distributions of R and Hex light can be compared by dividing the R 

index by the Hex index. A value less than 1 indicates that the continuum light 

is more concentrated, whereas a value greater than 1 shows that the Hex light is 

more centrally concentrated. 

7.1.4 Comparing concentration indices 

The three different methods of investigating the concentration of light within a 

galaxy were plotted against each other and their correlations were calculated. 

Effective radii are dependent on galaxy size, and so only the ratio of the half

light radii of the continuum and Hex images can be correlated with the relative 

concentration indices from the other two methods. 

Figure 7.4 shows that there is a very tight correlation between the two forms of 

the concentration index used when examining the continuum light. The linear 

correlation coefficient for the relationship is 0.877 (where a value of 1 is a perfect 

correlation and a value of 0 indicates no correlation). The significance of this 

result was tested by randomly re-assigning the values of one set of concentration 

indices to the galaxies. The new linear correlation coefficient vvas then found. 

This was repeated 10,000 times and the number of times the new correlation 

coefficient was found to be greater than that of the original, observed correlation 

was counted. In this case, no correlation coefficients were found in the randoml~' 

re-assigned trials that were greater than 0.877, giving the correlation a significance 

of greater than 99.99%. 

Figure 7.5 shows a correlation between the Hex indices with much more scatter. 

At large part of this scatter will be due to the problems in calculating C Ip for 

Hex referred to in Section 7.1.3. The linear correlation coefficient here is 0.683. 

again with a significance of greater than 99.991r-, 
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Figure 7.1: The galaxy U GC5589 in R-band light (left) and in Ha (right) 
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Figure 7.2: The variation of 'rJ with semi-major axis in the R-band image (left) 
and in Ha (right). The vertical line indicates the first value where 'rJ = 0.2 for the 
galaxy image, and hence is located at a Petrosian radius. The Ha profile crosses 
the rJ = 0.2 line several times, and hence there is clearly some ambiguity as to 
the location of the Petrosian radius to be used. 
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Figure 7.3: The horizontal line indicates the Petrosian flux (in Wm-2nm- 1 for 
the continuum image (left) and in Wm-2 for the Ha (right)) and the vertical line 
shows the Petrosian radius. From this example, it is clear that this method is 
not the most suitable for use with Ha images. 
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Figure 7.4: Comparing the two forms of the concentration index for continuum 
light. 
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Figure 7.5: Comparing the two forms of the concentration index for Ha light. 
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Figure 7.6: Comparing the two forms of the relative concentration index. 

The relative concentrations of the Ha and continuum light are given by CI(R)

CI(Ha) and CIp(R)/CIp(Ha). The correlation between the two is plotted in 

Figure 7.6. The linear correlation coefficient has a value of 0.600 with a signifi

cance of greater than 99.99%. 

Comparing the values of CI(R)-CI(Ha) with the ratio re(Ha)/re(R) glves a 

correlation coefficient of 0.290 (Figure 7.7). Even though this is much lower than 

the other correlations, it still has a significance of greater than 99.99%. 

7.1.5 The relationship between concentration index and 

galaxy type 

As mentioned in Section 7.1.2, concentration indices are usually found to correlate 

well with the Hubble type of a galaxy. To test this was the case for the HaGS 

sample and the indices defined above, the concentration indices were plotted 

against the galaxy's T-type. 

The IOgC31 index v. type 

Figure 7.8 shows the Inean and the individual value of C I binn d by galax~' 

typ . A In ntion d in S ction 7.1.2 an xponential profil ( u h a would b 
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Figure 7.7: Comparing the relative concentration index to the ratio of effective 
radii, 

expected for a galaxy's disk) will have a concentration index of 0.447, whereas an 

r 1
/
4 law profile (similar to that of a galaxy's bulge) would have a concentration 

index of 0.845. The plot of the mean concentration index for each type shovvs 

a clear relationship, with the bulge-dominated SOia and Sa galaxies having the 

highest values as expected. The later type, disk-dominated, spiral galaxies and 

the irregulars have indices that approximate to those expected for exponential 

profiles , in accordance with the findings of Kent (1985). 

The plot showing the individual values demonstrates that there is a very large 

dispersion within each galaxy type. This agrees with the findings of Shimasaku 

et al. (2001) and Gavazzi et al. (1990) , and reflects the wide range of bulge-to

disk ratios within a given Hubble type (e.g. Kent 1985) . The linear correlation 

coefficient for this relationship is 0.597, with a significance of >99.99%. 

Figure 7.9 shows similar plots for the Ha concentration index. Again there i 

a clear relationship between C I and the galaxy classification, with the late-t p 

spirals and irregulars possessing values lower than the early types. The r ult 

for the SO I a galaxies are less reliable due to the problems involved in calculating 

growth curves when there is extremely high continuum emi ion and v ry li 1 

Ha lin emission. Over-subtraction of the continuum and Ho. ab orption C' n 

r ult in growth curves with negativ fluxe in th en reo Th an '11 
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Figure 7.8: The continuum concentration index CJ plotted against Hubble type 
T. The plot on the left shows the mean value of CJ for each type, with the 
error bars representing the standard deviation divided by the square root of the 
number of galaxies of that type. The plot on the right shows each of the galaxies 
for which C J has been calculated. 

be a problem for some of the bright Sa galaxies. 

As with the continuum indices, there is a large scatter of values within each 

type. The linear correlation coefficient calculated here is 0.348, with a >99.99% 

significance. 

Figure 7.10 investigates the relative concentrations of the continuum light and 

the Ha line emission. If the distribution of light for the two galaxy images was 

identical, the value of CJ(R)-CJ(Ha) would be O. The figure clearly shows that 

in most cases the relative concentration is positive, implying that the continuum 

light is more centrally concentrated than the Ha. This is consistent with the 

theory that most massive-star formation takes place in the disks of galaxies, 

whereas the circumnuclear regions contain predominantly old stars. 

Figure 7.10 shows that there is no apparent correlation with Hubble type. The 

correlation coefficient is just 0.0159, with a significance of 23%. 

The Petrosian index v. type 

Th P trosian index is an inverse concentration index 0 a In r entrally-

one ntrat d galaxy will have a lower value of CJp- n xponential urfa' 

brightn profile will hay an ind x of 0.501 and an r 1
/

4 law profile will l'('-
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Figure 7.9: The Ha concentration index CJ plotted against Hubble type T. The 
plot on the left shows the mean value of CJ for each type, with the error bars 
representing the standard deviation divided by the square root of the number of 
galaxies of that type. The plot on the right shows each of the galaxies for which 
CJ has been calculated. 
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Figure 7.10: The relative concentrations CJ(R)-CJ(Ha) plotted against Hubbl 
type T. The plot on the left shows the mean values for each type, with th error 
bars representing the standard deviation divided by the square root of th nUlllb r 
of galaxies of that type. The plot on the right shows each of the galaxi for which 
cone ntration indices have been calculated. 
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Figure 7.11: The continuum concentration index C I p plotted against Hubble 
type T. The plot on the left shows the mean value of C I p for each type, with the 
error bars representing the standard deviation divided by the square root of the 
number of galaxies of that type. The plot on the right shows each of the galaxies 
for which Clp has been calculated. This plot can be compared to Figure 10 in 
Shimasaku et al. (2001). 

suIt in Clp = 0.371. It is not possible for a constant (top hat ' surface-brightness 

profile to satisfy the definition of the Petrosian radius in Equation 7.3. 

In Figure 7.11 the relationship between Clp and galaxy classification is shown for 

the continuum light. As with the 10gC31 index, we see that the bulge-dominated 

SO / a and Sa galaxies have light profiles that are close to the r 1
/

4 law, whereas 

the irregulars and disk-dominated spirals have concentrations that are similar to 

that predicted for an exponential profile. 

Examining the plot of the individual points again reveals a large dispersion of 

concentrations within each galaxy type. The linear correlation coefficient is 0.523 

with a significance greater than 99.99%. This plot can be compared to Figure 10 

in Shimasaku et al. (2001) which plots the Petrosian concentration indices for 426 

SDSS galaxies against their T-classification. The values for the HaGS galaxie 

appear to be systematically higher in general than those of the SDSS galaxie . 

The majority of SDSS Sa-1m galaxies have indices between 0.35 and 0.50 wher a 

the HaGS galaxies mostly lie between 0.44 and 0.57 on the plot . One cause of 

th discrepancy could be that the higher-redshift SDSS survey i bia e 1 toward 

mol' centrally concentrated galaxies. These would be ea i r to d t ct at larg 

di tan than the galaxie with more diffu n1is ion, thu low r yalu of th 
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Figure 7.12: The Ha concentration index Clp plotted against Hubble type T. The 
plot on the left shows the mean value of C I p for each type, with the error bars 
representing the standard deviation divided by the square root of the number of 
galaxies of that type. The plot on the right shows each of the galaxies for which 
C I p has been calculated. 

Petrosian index are more likely to be detected. 

In Figure 7.12 it can be seen that, whilst the Hex Petrosian concentration index 

is not always reliable for individual galaxies (see Section 7.1.3) , when examining 

the sample on a large scale, there is a very strong dependence on Hubble type. 

The linear correlation coefficient is very high at 0.938. 

The Petrosian indices in the two wavebands can be compared by dividing the 

two values. Values less than 1 imply that the continuum image is more centrally 

concentrated than the Ha emission from the star-forming regions. 

Figure 7.13 shows how the relative concentration varies with galaxy type. Sab 

and Sb galaxies appear to have statistically similar light distributions in both the 

continuum and the Ha, whereas all other galaxy types tend to be more centrally 

concentrated in the continuum. As with the lOgC31 results , this supports the idea 

of disk star formation being predominant. 

The correlation with type is stronger than in Figure 7.10, with a linear correlation 

coefficient of 0.176. The significance of this result is 99.88%. 
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Figure 7.13: The relative concentrations Clp(R)/Clp(Ha) plotted against Hubble 
type T. The plot on the left shows the mean values for each type, with the error 
bars representing the standard deviation divided by the square root of the number 
of galaxies of that type. The plot on the right shows each of the galaxies for which 
Petrosian concentration indices have been calculated. 

The ratio of the effective radii v. type 

The ratio of the effective radii of a galaxy as viewed in Ha and in continuum 

emission can also be used to examine the relative concentrations of light. The 

value of re(Ha)/re(R) will be greater than 1 for galaxies which have a higher 

central concentration in the continuum than in Ha. 

Figure 7.14 examines the relationship between this ratio and Hubble typ . The 

dispersion of values within each type is huge, particularly for the Sa, Sm and 1m 

classes. As found with the two different concentration indices, most galaxies are 

more centrally concentrated in the continuum than the Ha. The correlation with 

type is poor. The linear correlation coefficient is just 0.0926 with a significance 

of 89%. 

7.1.6 Concentration indices - summary 

Thr e different methods of investigating the di tribution of galaxy flux ha' b en 

inve tigated. The most basic is the use of effectiv radii, which an nly rally 1 

used to examine r lative distributions of the old n in th ontinuUlll 

light and th n w-born tar a d t ct d by th Ho. light. Th two f rnl f h 
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Figure 7.14: The relative effective radii re(Ha)/re(R) plotted against Hubble type 
T. The plot on the left shows the mean values for each type, with the error bar 
representing the standard deviation divided by the square root of the number of 
galaxies of that type. The plot on the right shows each of the galaxies for which 
effective radii have been calculated. 

concentration index are more sophisticated, with the Petrosian index being the 

least subjective to the choice of total flux. The lOgC31 index is more reliable when 

it comes to calculating the concentration of the Ha emission. 

All three methods show a strong correlation with Hubble type, with the early

type, bulge-dominated galaxies having concentration indices close to those ex

pected for an r 1/ 4 profile and the late types approximating to exponential pro

files. Investigation of the relative concentrations finds that most galaxies ar 

more centrally concentrated in the continuum light than in the Ha. This implies 

that the majority of the massive-star formation is occurring in the outer regions 

of the galaxies, whereas the majority of circumnuclear regions are dominated by 

old-stellar populations. 

A preliminary comparison of the Petrosian concentration indices calculated for 

the low-redshift HaGS galaxies with the more distant SDSS sample reveals that 

th higher-redshift galaxies appear to be more centrally concentrated. This may 

well be due to selection effects. 
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7.2 Ha concentration and galaxy environment 

Studies of galaxies in the Virgo Cluster have revealed a population of objects 

with active star formation in the circumnuclear regions, but with either ·fuzz~· 

outer regions' (van den Bergh et al., 1990), or with no other disk star formation 

at all (Koopmann et al., 2001). van den Bergh et al. (1990) called the former 

class 'Virgo-type' galaxies. Their morphology is due to the truncation of the 

star forming disk in cluster galaxies. The latter, more extreme, class have been 

named St galaxies (spirals with severely truncated star forming disks) by Koop

mann & Kenney (1998). Koopmann & Kenney (2002) suggest that these are the 

products of interactions between the intra-cluster medium (ICM) and the ISM 

of the galaxies, stripping gas from their outer disks. The removal of gas in the 

outer regions inhibits the process of star formation there. Since the SFRs in the 

inner disks of galaxies are found by Koopmann & Kenney (2002) to be normal or 

enhanced, it appears that the ICM-ISM interactions do not have a strong effect 

on the circumnuclear regions of most Virgo galaxies. Strong tidal interactions 

between two galaxies can also redistribute the gas, in many cases making it more 

susceptible to stripping by the ICM. 

Koopmann & Kenney (2002) find that 52% of their sample of 55 Virgo Cluster 

galaxies can be defined as having truncated star formation. The HaGS observed 

sample contains only 15 Virgo galaxies, but 53 galaxies listed as members of 

groups by Huchra & Geller (1982). In addition, there are also 22 galaxies in 

close pairs. In Figure 7.15, the lOgC31 Ha concentration index is plotted against 

T-type, with galaxies in different environments coded by different colours and 

symbols. Whilst there is no overall trend for field or group galaxies to have more 

centrally-concentrated star formation for any given Hubble type. it can be seen 

here that 8 out of the 12 galaxies with Ha concentration indices greater them 

0.7 are found in either group or pair environments. This equates to 10% of the 

non-isolated sample. Only 2% of the isolated, field galaxies han' concentrations 

this high. \Vhilst this cutoff is arbitrar~', it does seem to separat(\ effcdin'ly 1 he 
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Figure 7.15: The distribution of Ha concentration indices as a function of Hub-
ble T-type. Different galaxy environments are coded with different colours and 
symbols. 

highest concentrations from the main body of the distribution. 

In Figure 7.16, the mean Ha concentration indices for the field sample, and for 

the combined group and pair galaxies , are plotted. Virgo galaxies are excluded 

from this plot. Within the error bars , group and pair environments cannot be 

said to affect the average distribution of star formation within galaxies. The 

same conclusion can be reached by examining the median values, rather than the 

mean. If St galaxies are primarily caused by ICM-ISM interactions , as suggested 

by Koopmann & Kenney (2002) , then this is not a surprising result. Groups dom

inated by spiral galaxies are not known to have a strong intra-group equivalent 

to the ICM, thus stripping of the ISM by this method will not occur. The group 

and pair galaxies seen in Figure 7.15 with the high central Ha concentrations can 

still be explained as the product of tidal disruption by gravitational interactions 

with nearby companions. 

Inspection of each of the 12 galaxies with the highest Ha concentration re eal 

peculiar and dist urbed morphologies in one field galaxy (UGCI1269) and in lh 

obviously interacting galaxy UGC12699. 5 of th galaxies have been la ifi d a 
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Figure 7.16: Mean Ha concentration indices for field and group+pair galaxies as 
a function of Hubble T-type. 

containing AGN. UGC3546 and UGC10470 are both field galaxies with Seyfert 

2 nuclei. UGC7030 is a group galaxy with a Seyfert 1.5 nucleus , and UGC7096 

(a group galaxy) and UGC12699 (the aforementioned interacting galaxy) both 

contain HI! LINERS. The presence of AGN confuses matters slightly, as strong 

nuclear emission from a galaxy is obviously going to increase the continuum-light 

concentration index, and is quite likely to affect the Ha index in a similar way. 

The exact relation between the presence of an AGN and galaxy environment is 

unknown, but it does appear that at least some types of Seyfert activity are cor

related with galaxy-galaxy interactions (Adams, 1977; Dahari, 1984; Keel et al. , 

1985). 

7.3 The distribution of star formation in normal 

galaxies 

Th morphology of a galaxy is most commonly d fined by i HubbI t)'l (Hub

ble , 1926). Th Hubble sequence itself i part l ba ed 011 t h ont nt an 1 

star fonnatioll activity of galaxie . Thi tion will y ry bri fly li ' ' U the di ' -
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tributions of star formation within normal; non-interacting galaxies of different 

Hubble types. 

An examination of the Ha images observed as part of the Hn Galaxy Sun'e~' 

reveals a wide range of star formation distributions amongst galaxies of the same 

Hubble type. There are some general trends, however, and in Figure i.17 a yersion 

of the Hubble tuning-fork diagram has been produced with representative galaxies 

of each type. The SO galaxy UGC3798 was observed in the field of UGC37 --10. 

Early-type disk galaxies tend to have very little Ha emission. and often Ha 

absorption is significant in the centre of the galaxy. Large spiral galaxies of 

intermediate Hubble type tend to have Hn regions which trace the pattern of 

the spiral arms. The more chaotic late-type galaxies have a wider range of star 

formation rates, and the Hn regions have more scattered distributions. 

7.4 The distribution of star formation in inter-

acting and highly disturbed galaxies 

Large-scale tidal effects between two galaxies with small separation can cause 

an enormous variety of extended structures. The most common are bridges and 

tails. Bridges are often found linking large galaxies to smaller companions, whilst 

tails stretch away from the perturbing galaxy. Other morphological effects include 

ring-like shapes caused by the passage of one galaxy through the other, and shells, 

generally produced by accretion of debris or smaller companion objects. A good 

review of the topic can be found in Barnes & Hernquist (1992). 

The effects of interactions and galaxy mergers on the distribution of star formation 

within the galaxies involved can be quite striking. A more complete stlld~' will be 

the subject of future work and will include the JKT Ha observations of in1n(lcting 

S~'st(,lllS taken by P. James and S. Percival. In this section, a small selection 

of interacting and grayitationally-disturbed galaxies will he pn's(lnted from the 

ohscl"ycd HaGS sample. 
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Figure 7.18: UGC3740 and UGC3798. The left-hand image contains the contin
uum R-band emission. The right-hand image displays the continuum-subtracted 
Ha emission. North is the top of the images and east is to the left. 

7.4.1 UGC3740 and UGC3798 

UGC3740 (NGC2276) is a highly-asymmetrical, lopsided Sc galaxy interacting 

with UGC3798 (NGC2300), an SO galaxy. It is also the galaxy with the highest 

star formation rate (13.5 M0 yr- 1) in the observed HaGS sample. 

The 'bow shock' appearance (Figure 7.18) and enhanced star formation were 

originally suggested to be due to ram-pressure interaction between the galaxy 

and the unusually dense intra-group medium (Condon, 1983; Mulchaey et al., 

1993). Gruendl et al. (1993) and Hummel & Beck (1995), however, found that 

tidal interaction with UGC3798 was a more likely explanation. 

Figure 7.18 shows that the sharply defined curve defined by the western limb in 

the R-band image is even more abruptly truncated in the Ha emission. The large 

southern spiral arm resembles the tidal tails often associated with interacting 

systems. 

The lack of Ha emission, and evidence of Ha absorption seen in UGC3798 JUS

tifies the decision to exclude SO and elliptical galaxies from the survey. 

7.4.2 UGC3847 and UGC3851 

There is SOlne confusion surrounding UGC3851 (NGC2366) and its surrounding. 

The bright emission patch at the south-west end of the galax ha it own 
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Figure 7.19: UGC3847 and UGC3851. The left-hand image contains the contin
uum R-band emission. The regions identified by different labels, as used in this 
study, are marked. The three parts of NGC2363 are as labeled in Drissen et al. 
(2000). The right-hand image displays the continuum-subtracted Ha emission. 
North is the top of the images and east is to the left. 

number (NGC2363), but is believed to be a supergiant HII complex (Youngblood 

& Hunter, 1999). The satellite object to the west is often included as a region 

of NGC2363. Drissen et al. (2000) label it as NGC2366-III. This object, in turn, 

has its own UGC number (UGC3847), although it is often mistakenly equated 

to NGC2363. For the purposes of this study, UGC3851 (including the regions 

defined by Drissen et al. 2000 as NGC2366-1 and -II, but not the NGC2366-III 

region) and UGC3847 will be considered as two separate, but interacting, galaxies 

(see Figure 7.19). 

UGC3847 and UGC3851 have the two highest Ha equivalent widths (33 and 

23 nm respectively) of all the 334 galaxies observed in the study. As can be seen 

from Figure 7.19, the star formation activity is dominated by the HII regions in 

NGC2363. The equivalent width for the region containing just NGC2363-1 and 

-II is 85 nm. Drissen et al. (2000) and Hunter et al. (2001) note that NGC2363 

competes with the 30 Doradus nebula in the Large Magellanic Cloud in terms of 

its star formation rate. 30 Doradus is a supergiant HII region that is often taken 

as defining the class of supergiant Hn complexes. 

Figure 7.20 gives a magnified view of the southern region of the system. Ther 

is clearly a great deal of tidal interaction going on with a compl x network of 

filaments and shells pr sent. Th re is a part ial arc to the north-ea t of 

Hunter & Gallagh r (1997) ugg st that this could b part of a h 11 typ tru-
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Figure 7.20: The main star forming regions of UGC3847 and UGC3851 in Ha 
light. North is to the top of the image, and east is to the left 

ture. There are three bubble-type structures visible in UGC3847, in the north, 

north-east and south-west regions of the object. There are also three knots of 

line emission that appear to have been ejected off to the north (out of view in 

Figure 7.20). 

This system has been very well studied, and more in-depth descriptions of the 

morphology, kinematics and derived star formation history can be found in Hunter 

& Gallagher (1997); Martin (1998); Drissen et al. (2000); Hunter et al. (2001). 

Drissen et al. (2000) conclude that UGC3847 is kinematically disconnected from 

the main body of NGC2366 and that it may be responsible for the triggering of 

the observed star formation. 

7.4.3 UGC12699 and UGC12700 

The dramatically contrasting effects that interactions can have on galaxie ar 

well illustrated in this system (Figure 7.21). UGC12699 (NGC7714) i an a ti 

starburst galaxy with a whole host of tidal features. The most di tingui hing in 
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Figure 7.21: UGC12699 and UGC12700. The left-hand image contains the contin
uum R-band emission. The right-hand image displays the continuum-subtracted 
Ha emission. North is the top of the images and east is to the left. A very bright 
star is situated below the south-eastern corner of the image, which has saturated 
the CCD and is the cause of the vertical line. 

the R-band image is the partial stellar ring on the eastern side. There is also a 

very faint bridge linking it to UGC12700 and evidence of two tidal tails in the 

south-western end of the galaxy, with possibly a further one spanning out to the 

north-east . Smith et al. (1997) speculate that this complex morphology may have 

been caused by an off-centre encounter. 

The Ha image reveals that the majority of the massive-star formation is occurring 

in the nucleus of UGC12699. The equivalent width measured here is 21 nm, 

compared to the asymptotic value of 9.4 nm for the whole galaxy. The ring 

appears not to contain any ongoing star formation. Prominent Hu regions are 

found in an arc at the north-western end of the galaxy and at the base of one 

of the south-western tails. A chain of star formation is also found crossing the 

bridge between the two galaxies. 

The companion galaxy UGC12700 (NGC7715), on the other hand, appears to 

have no Ha emission. It is believed to be in a post-starburst stage, with a large 

population of A and late type B stars (Bernloehr, 1993). 

Further discussions of this system can be found in Bernloehr (1993); Gonzalez

Delgado et al. (1995); Smith et al. (1997); O'Halloran et al. (2000). 
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Figure 7.22: UGC3429. The left-hand image contains the continuum R-band 
emission. The right-hand image displays the continuum-subtracted Ha emission. 
North is the top of the images and east is to the left. 

7.4.4 UGC3429 

UGC3429 (NGC2146) is classified as an SBab peculiar galaxy. It clearly has a 

disturbed morphology and the outer disk appears more like a faint, wispy and 

warped tail to the south-east (Figure 7.22). There are prominent dust lanes 

through the centre, which are often described as taking the form of a 'dusty 

hand' (Pease, 1920). 

The Ha image shows large amounts of line emission in the centre, but overall, is 

very different from the continuum image. The most striking feature is the string 

of Hn regions that form an arm around the north and west sides of the galaxy. 

Young et al. (1988) describe the galaxy as appearing to be a 'one armed spiral', 

whilst Hutchings et al. (1990) include HI evidence to suggest that the feature is 

'the trail of a slow spiraling merging of a gas-rich companion into the presently 

disturbed, dominant galaxy'. Young et al. (1988) also liken the arm to the polar 

rings often seen in SO galaxies , which are believed to be the result of accretion 

of mass from either a gas-rich dwarf, or a passing galaxy (Barnes & Hernquist 

1992). 
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Figure 7.23: UGC5637. The left-hand image contains the continuum R-band 
emission. The right-hand image displays the continuum-subtracted Ha emission. 
North is the top of the images and east is to the left. 

7.4.5 UGC5637 

UGC5637 (NGC3239) is a peculiar IBm galaxy. Figure 7.23 shows a distinct lack 

of symmetry and a very clumpy distribution, predominantly in the east. There is 

a long tail visible in the south-west of the continuum image, and a second, more 

diffuse tail in the south-east. 

The Ha image reveals several giant Hn regions in the east. The largest of these 

is around 0.76 times the luminosity of 30 Doradus (Krienke & Hodge, 1991). 

There is a chain of star formation along the south-west tail, but none in the 

south-east. This morphology is well described by a merger model, where the tails 

are presumed to be tidal, the resultant structure is highly disturbed and star 

formation as been enhanced in some regions and suppressed in others. 

7.4.6 UGC12048 

In the R-band light , UGC12048 (NGC7292) is clearly a strongly barred irregular 

galaxy (Figure 7.24). The Ha image reveals quite a different picture. There ar 

bright regions of star formation at either end of the bar. This is a feature quite 

often seen in late-type disk galaxies (see Section 7.5). The ea tern region ha an 

equivalent width of 13.8 nm and the we tern region ha an EW of 1 .0 nm. Th 

asymptotic value for the entire galaxy i 5.4 nm. 
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Figure 7.24: UGC12048. The left-hand image contains the continuum R-band 
emission. The right-hand image displays the continuum-subtracted Ha emission. 
North is the top of the images and east is to the left. 

Most interesting, however, are two strongly arced chains of Hn regions , one in the 

south-east and one linking the two bar-end regions. These are very reminiscent 

of tidal interactions and suggest that U GC 12048 could possibly be a merger rem

nant. This galaxy has been relatively sparsely studied, however. Measurements 

of the galaxy kinematics may help to resolve the origin of its structure. 

7.5 The effects of bars on circumnuclear star 

formation 

The presence and structure of bars in the centres of galaxies have been found 

to affect the circumnuclear star formation (see e.g. Sersic & Pastoriza 1967; 

Martinet & Friedli 1997; Ho et al. 1997). Three dramatically different effects can 

be observed in the HaGS sample as the result of two different types of bar. The 

first type of bar has an approximately even distribution of light along it s length 

whereas the second is dominated by a bright central region , often, but not always 

associated with an AGN of some sort. 

For galaxies with the first bar type , Ha flux is generally detected either along h 

length of the bar - see Figures 7.25-7 .27, or in many ca e at eith r nd of th 

bar, see Figures 7.28-7.30 . 

Galaxies with the second kind of bar are found to xhibit trong II TIll JOn 



7.5. The effects of bars on circumnuclear star formation 

• • 
• 

so · 

Figure 7.25: UGC4705 (SBb): R-band (left) and Ha (right) images . 
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Figure 7.26: UGC8116 (SBc) . 
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Figure 7.27: UGC12343 (SBc). 
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in their centres, but virtually none along the rest of the bar. Some examples of 

these are included in Figures 7.31-7.33. 

Stellar bars in disk galaxies induce gravitational torques on the surrounding inter

stellar medium (see e.g. Block et al. 2001). The resulting loss in angular mo

mentum causes a radial inflow of gas to the central regions of the galaxy. Thu 

the presence of a bar should help fuel nuclear star formation. The kin matic 

of galaxy bars are not well understood and thus th rea on for th differ nt 

distributions of Ha emission observed can not ea ily b xplain d. Ho t al. 

(1997) speculate that inner Linblad re onan e (ILR) ould pr \" nt infalling ga 
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Figure 7.28: UGC4444 (SBcd): R-band (left) and Ha (right) images . 
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Figure 7.29: UGC4469 (SBcd). 

so' 

Figure 7.30: UGC6797 (SBd). 

from the outer regions of the galaxy from reaching the nucleus. Gravitational 

instabilities in the gas accumulated at the ILR radius may lead to a burst of star 

formation. Early-type galaxies with large bulge-to-disk ratios have steeply-rising 

rotation curves. Combes & Elmegreen (1993) find that, if an ILR is present, its 

location roughly coincides with the turnover radius of the rotation curve. Thus 

early-type galaxies with small turnover radii can have an ILR located within the 

bar, and close to the nucleus. An ILR in a late-type galaxy is likely to be found 

near the ends of the bar, away from the nucleus (Elmegreen & Elmegreen 1 5' 

Combes & Elmegreen, 1993). Hence, star formation regions are predicted 0 b 

found more often at the bar ends in late-type galaxie and mor oft n within th 
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Figure 7.31: UGC4273 (SBb): R-band (left) and Ha (right) images . 
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Figure 7.32: UGC9824 (SBbc . 
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Figure 7.33: UGC10470 (SBbc). 
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The observed barred galaxies with nuclear star formation in the HaGS sample 

typically have Hubble types Sb-Sbc. Galaxies with star-forming regions at the end 

of the bar are found to range between types Scd-Sm. Galaxies with star formation 

distributed more evenly along the bar cover a wide range of types, from Sb-Sdm 

with the mode of the distribution being the Sc classification. Barred galaxie with 

the earliest spiral types are generally found to have very little circumnucl ar Ha 

emission, and often exhibit Ha absorption in their centres. Thes ob er atioll 

fit in well with the theoretical model. 



Chapter 8 

Investigating global star 

formation dependencies 

This chapter will investigate the relation between global measures of star forma

tion and other properties of the galaxies and their surroundings. In particular, 

the effects of galaxy morphology (defined both by the Hubble classification and 

the concentration index of the galaxy), luminosity, and local environment on the 

SFRs, Het EWs and Het surface brightnesses of galaxies will be examined. 

Star formation in galaxies takes place in two distinct regions: the extended disks 

of spiral and irregular galaxies, and the compact circumnuclear environments 

in the centres of spiral galaxies. Kennicutt (1998) discusses the star formation 

properties of the two separately and finds their attributes and dependencies are 

very different (see his Table 1). Decomposing the two components for the HaGS 

sample is beyond the scope of this thesis, and the subject for further work. The 

results presented here will all be for the integrated properties of the galaxies. 

l:2G 
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Figure 8.l: The distribution of SFRs as a function of T-type. 

8.1 Morphology dependencies 

8.1.1 Hubble types 

As mentioned in Section 7.3 , the morphology of a galaxy is most commonly 

defined by its Hubble type, and the Hubble sequence itself is partly based on the 

stellar content and star formation activity of galaxies . The proportion of young 

Population I stars to the older Population II objects increases from Sa to Sc. In 

other words, the mass-normalised formation of massive stars should increase along 

the sequence from early-type, Sa-Sab, spirals to the late-type, Sc-Sd, galaxies. 

The relation between SFR and Hubble type 

Figure 8.1 shows the distribution of star formation rates as a fun tion of T-typ 

for the full observed sample of 334 galaxies. We see a large catter among t 

galaxies with the same Hubble classification, but also that the high t rat f 

star formation occur in Sb-Sc galaxies. The modal SFR value for all Hubble t)"P 

lie clo to zero thus galaxies with low SFR are v ry 0I111110n, ind p nd nt of 
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T-type. The scatter is much higher than would be expected from obsen"ational 

errors (typically around 15-30%, see Chapter 4) and is thus most likely to reflect 

real variations in the SFR. 

Barred (SAB and SB typed) and unbarred galaxies are plotted separately. Barred 

objects appear to have moderately higher star formation, though Kolmogorov

Smirnov (K-S) tests for each T-type show that only the Sbc (T=4) and 1m (T=10) 

galaxies show a >95% probability of being drawn from two separate distributions. 

Figure 8.2 shows the mean SFRs as a function of T-type plotted separatel~" for 

barred and unbarred galaxies. The error bars show the standard error on the mean 

of the distribution for each type. The strong dependence of the total SFR in a 

galaxy on its morphology is very clear here. The mean SFR increases along the 

Hu bble sequence, peaking between Sb and Sc (T -types 3-5), and then decreases 

towards the latest types. The presence of a bar appears to increase the mean star 

formation rates particularly for the Sab-Sc and Sdm-Im types. The significance 

of this observation follows the findings of the K-S tests. 

The median SFRs for barred and unbarred spirals are plotted in Figure 8.3. 

Whilst it is clear that the mean values are influenced by a small number of 

galaxies with very high SFRs, the median values show that the overall trend is 

not dominated by these. 

With the exception of the points at T=4 (Sbc), the difference between barred 

and unbarred populations is greatly reduced. Thus, the relation between star 

formation rates and galaxy bars is obviously more complex than that investigated 

here. The strength of the bar, together with the relative contributions from the 

bulge and disk to the integrated SFR could prove significant factors. Kennicutt 

(1998) and Ryder & Dopita (1994) find no significant global effects of a bar OIl 

disk SFR, whilst Ho et al. (1997) find a marginall:v significant increase in nuclear 

SFR amongst barred galaxies. Martinet & Friedli (1997) suggest a correlation 

between SFR and the strength and length of the bar, and in Section j.J w(, 

saw that different types of bars result in different distributions of Ha flux ill 
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Figure 8.2: Mean SFRs for barred and unbarred galaxies as a function of T-type. 
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Figure 8.3: Median SFRs for barred and unbarred galaxies as a function of T

typ . 
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Figure 8.4: Median SFRs for barred and unbarred galaxies as a function of T
type, with the extinction corrections derived from the UCM data applied to the 
Hex fluxes. 

circumnuclear regions. 

The SFRs here are all derived assuming a correction for internal extinction of 

1.1 mag, independent of Hubble type. If the type-dependent corrections found 

using the UCM data in Section 5.4.5 are applied, it can be seen in Figure 8.4 

that, whilst the calculated SFRs of the early-type (SO/a-Sbc) galaxies increase 

by a factor of 1.45, and the median SFR of the irregular galaxies is approximately 

half the previous value, the general trends already described in this section are 

all still valid. 

The relation between EW and Hubble type 

It is not surprising to find that Sb-Sc galaxies have the highest star formation 

rates. These types are, on average physically larger than the Sed-1m galaxie , 

and are thus likely to contain more star-forming regions and emit great r Ho 

fluxes. The early-type SO/a-Sab galaxies are gas poor and ar thu not xp t ,d 

to contain large amounts of star formation. Equivalent width giYe a mea ur 

of the SFR per unit (red) luminosity and hence give a lllea ur of FR p r uni t 
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Figure 8.5: The distribution of EWs as a function of T-type. 
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mass, removing size biases. Another advantage of studying equivalent widths is 

that they are distance independent. Since the R-band luminosity emitted from a 

galaxy is produced predominantly by the older-stellar populations, the EW of a 

galaxy also provides information on the star formation history of the galaxy (s e 

e.g. Kennicutt et al. 1994). 

Figure 8.5 shows the distribution of Ha EWs with T-type for both barred and 

unbarred galaxies. It should be remembered that these values include the [NIl] 

doublet. The plot can be compared to Figure 3 in Kennicutt (1998) which is com

piled from the photometric surveys of Kennicutt & Kent (1983) and Romanishin 

(1990). The biggest difference between the plots is the increase in the number of 

low-EW galaxies in the present sample, particularly for the later types. 

The 5 highest EWs in Figure 8.5 belong to Sm or 1m galaxies. The dependen e 

on bar presence is less clear here, though in most cases the highest EW for each 

galaxy type is found in a barred galaxy. K-S tests for each Hubble type show that 

the probability of the barred and unbarred galaxies being drawn from differ nt 

populations is only significant above 95% for the irregular galaxi 

Figur 8.6 shows the mean EWs for barred and unbarr d galaxi a a functi n 
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of Hubble type. The relationship between star formation per unit luminosity 

(or mass) and Hubble type is somewhat different from the relationship inYolying 

absolute SFRs. The increase from early-spiral types to Sc galaxies is still present, 

but by removing the size bias, we find that there is no longer the decline for later 

types. In fact, the most actively star forming galaxies are shown here to be the 

Sm-Im types. For galaxies between Sbc and Sdm, the trend is surprisingly weak. 

For Hubble types Sbc and earlier, there appears to be no difference between the 

mean EWs for barred and unbarred galaxies. For the later types the barred galax

ies appear to be more active in star formation than their unbarred counterparts. 

This is quite different to what we saw in Figure 8.2 for SFRs. It is also contrary 

to the findings of Kennicutt (1998), who detects no significant difference in the 

EW distributions of barred and unbarred galaxies, with the possible exception of 

the Sa galaxies where the median EW is higher in the barred population. Note, 

however, that Kennicutt defines SAB galaxies to be unbarred, whereas in this 

study they are grouped with the SB galaxies. Kennicutt thus has fewer objects 

in his barred sample and comparison between the two populations is difficult due 

to small-number statistics. 

The higher EWs for late-type barred galaxies are also seen in Figure 8.7, where 

the median values are plotted. 

The relation between Ha surface brightness and Hubble type 

Another way to remove size effects from the total star formation rates is to nor

malise by the galaxy area (e.g. Ryder & Dopita 1994; Young et al. 1996). The 

method used here to calculate Ha surface brightnesses (with arbitrary units). llS

ing R-band Petrosian radii and asymptotic Ha fluxes, is described in Section 3.9. 

Normalising by the surface area of the galaxy, rather than by its continuum lu

minosity has the advantage of avoiding the effects of bulge contalllination. which 

bias the EWs (Kennicutt, 1998). 

The d('cimallog of the Ha surface brightness is plotted in Figure 8.8. The rallg(' 
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Figure 8.6: Mean EWs for barred and unbarred galaxies as a function of T-type. 
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Figure 8.8: The distribution of Ha surface brightnesses as a function of T-type. 
The surface brightness scale is in arbitrary units. 

of surface brightnesses is so large, that they cannot be fairly presented on a 

linear scale. Again, the distribution within each type is large, particularly for 

the Sbc and Sm-lm galaxy types. The galaxy with by far the highest Ha surface 

brightness is UGC5786, which can be seen in Figure 5.8. 

Dependencies on bar presence and on morphological type are both hard to detect 

from this plot. 

Figure 8.9 shows the mean values of the Ha surface brightness for both barred 

and unbarred galaxies. The dependence on Hubble type is much weaker here than 

seen earlier with the EWs - as found by Kennicutt (1998). Young et al. (1996) 

found that the mean Ha surface brightness for spiral galaxies increases along the 

Hubble sequence, with Sd-lm galaxies exhibiting values 2-3 times higher than the 

Sa-Sb galaxies. This is not seen in Figure 8.9, where the highest mean surfac -

brightness values are found for Sb-Sc galaxies. 

The bar dependence is also weaker than seen in Figure 8.6. Plotting m dian 

values makes very little difference to the morphology trend but reduc the bar 

d penden e even more, in a manner similar to that which \va n in Figur .7. 

K-S te t for each type only reveal a ignifi ant (>95o/c pr b· bility) differ ll(,(' 
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Figure 8.9: Mean Hex surface brightnesses for barred and unbarred galaxies as a 
function of T-type. 

between the barred and unbarred populations for Sc types. 

In the above relations, we have seen that the amount of current star formation 

in a galaxy is related to its Hubble type, even if only weakly in the case of the 

SFR per unit area. The average star formation activity in the early-type SO/a-Sa 

galaxies appears to be lower than in the later types. However, we note, as did 

Young et al. (1996), that there are many early-type galaxies with higher SFRs 

than Sc galaxies of the same size. 

8.1.2 Concentration Indices 

Concentration indices are a more quantitative way of measuring the distribution 

of light , and hence the morphology of a galaxy, than assigning Hubble classifica

tions. As shown in Section 7.1.5, there is a strong correlation between continuum 

concentration indices and Hubble type. 
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Figure 8.10: SFR plotted against the 
10gC31 concentration index. 
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Figure 8.11: SFR plotted against the 
Petrosian concentration index. 

The relation between SFR and continuum-light concentration 

Figure 8.10 shows the star formation rates of galaxies plotted against the R-band 

10gC31 concentration index. The most centrally concentrated galaxies will have 

high CJ values, whereas the galaxies on the left side of the plot have continuum 

emission that is more evenly distributed. The galaxies with the lowest SFRs all 

appear to have diffuse concentrations of continuum light , whereas the high star 

forming galaxies do not seem to be constrained by R-band concentration. 

The Petrosian index is a reverse concentration index, and thus low values of 

C Jp imply high central concentrations. Figure 8.11 supports the finding that 

the lowest SFRs are not detected for high central concentrations. At first , this 

may seem to contradict the low average SFRs observed in SO/a-Sa galaxies, since 

these are the most centrally concentrated galaxies. As it turns out, whilst the 

average SFR is low for these galaxies, the lowest individual measured SFRs are 

predominantly found in diffuse late-type galaxies (see Figure 8.1). 

The relation between EW and continuum-light concentration 

The above findings are, however , heavily influenced by the size of the gah ... -xie 

involved, as we see when we plot EWs against R-band concentration ind x in Fig

ur s 8.12 and 8.13. The dependence of th lumino it -normali ed tar formati n 

rat on th sma ure of lnorpholog i weak, although w now ' a t nd 11('\ 
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Figure 8.13: EW plotted again t t h 
Petrosian concentration index. 

for highly-concentrated galaxies to have lower EWs. This is not surprising a 

the continuum emission from the central regions of early type spiral galaxies is 

generally very high, whereas the Ha line emission is usually relatively low. 

The relation between Ha Surface Brightness and continuum-light con

centration 

Figures 8.14 and 8.15 show no detectable correlation between the star formation 

rate per unit galaxy area and either concentration index. The linear correlation 

coefficient for the IOgC31 index is 0.063, giving any dependence a significance of 

just 73%. For the Petrosian index the correlation is even less , with a coefficient 

of 0.016 and a significance of 23%. 

8.2 Luminosity dependencies 

Gavazzi et al. (1996) plotted Ha equivalent widths against H-band IUlninosit 

L
B

, and found the star formation per unit mass to increase steeply with decr a -

ing luminosity, for the highest values of LB' For lower value th y found that 

EW was independent of LB' They concluded that thi could b int rpr t d a a 

change of stellar population with mass in the brighte t gal xi ,wh ra y , t )111 

Inaller than th detected threshold are dominated b) the young t llar popnla-
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Figure 8.15: Ha surface brightne 
plotted against the Petrosian cone n
tration index. 

tion, independent of their mass. They include the warning that their Ha data i 

biased towards strong emission line galaxies. 

In Figure 8.16, the Ha EWs from the observed HaGS galaxies are plotted again t 

R-band absolute magnitudes , as computed from the measured continuum fluxe 

and the galaxy distances. The galaxies are grouped into 3 bins of Hubble type so 

that they can be compared to Figure 4 of Gavazzi et al. (1996). The first plot, 

containing the SO/ a-Sa galaxies is in agreement with the findings of Gavazzi et al. 

(1996), with the brightest galaxies having the lowest EWs. For magnitudes fainter 

than - 18, the EW appears to become independent of MR , though, of course, no 

firm conclusion can be drawn from 3 galaxies. Any correlation between EW and 

magnitude disappears for the later-type bins. A least-squares regression fit to the 

total sample finds a best-fit line with equation: 

log EW = 0.03 X MR + 1.03. (8.1) 

Thus , Ha EW appears to be virtually independent of galaxy lumino it and 

therefore mass , for all but the brightest early-type spiral galaxi . Th r i, 

of course, a large scatter at any given magnitude corre ponding to th th r 

influencing factors. 

The galaxi in th HaGS ampl over a much larg r rang of nlanitudc. than 

tho tudi d b Ga\ azzi et al. (1996). In particular th faint r-hunin it)" gc h."-
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Figure 8.16: The relationship between the R band magnitude and the Ha EW of 
HaGS galaxies, grouped into 3 bins of Hubble type, and for all types together. 

ies are more thoroughly represented. 

The scatter in the Ha surface brightnesses when plotted against R-band magni

tude is even greater than that seen in the EWs (Figure 8.17). Again, the size

normalised star formation rates appear to be independent of luminosity. The only 

obvious outliers are two bright spirals with the highest Ha surface brightnesses 

UGC5786 (see Figure 5.8) and UGC12699 (Figure 7.21). 

8.3 Environmental dependencies 

The effect of local environment on a galaxy 'S properties including it tar f rma

tion activity, is a huge topic and the subject of much debat . 

Th r is lTIuch evidenc that th rat at which a giY n typ f galaxy h,=t , oln'cl 
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Figure 8.17: Hex surface brightness as a function of total R-band magnitude. 

varies substantially with environment. The influence of the environment can 

lower the gas content of the galaxy, and thus decrease the SFR. Processes that 

could be responsible for this include (Yee, 2000): ram-pressure stripping and 

evaporation in rich environments (e.g. Gunn & Gott 1972) ; tidal stripping from 

close encounters of galaxies (e.g. Byrd & Valtonen 1990); and the decrease of 

the accretion rate of new gas into a galaxy in rich environments (e.g. Gunn & 

Gott 1972; van den Bergh 1976; Dressler & Gunn 1983). Similar processes can 

also serve to increase the SFR in the short term: e.g. ram-pressure and tidal 

shocks (e.g. Moore et al. 1999), and mergers and harassment of galaxies in close 

encounters (e.g. Moore et al. 1996; Hashimoto & Oemler 2000). 

Studies of cluster versus field galaxies have produced conflicting results. Som 

have suggested a reduced SFR in clusters, with respect to field galaxies of the 

same morphological type (e.g. Kennicutt 1983; Hashimoto et al. 1998· Koopmann 

& Kenney 2002) whereas others find a similar or higher SFR in cluster piral 

(e.g. Kennicutt et al. 1984; Moss et al. 1998). Similar conflicting result hav 

been found for compact groups of galaxies. Moles et al. (1994) find a light 

enhancement in compact groups compared to field galaxies Igl ia -P·ir- m 

Vilchcz (1999) find no nhancement , and Allam et al. (1999) find evid n' Of·1 
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depression of star formation in compact groups. 

Ho: emission from galaxies can often be classified as coming from one of two 

distinct regions (see e.g. Moss & Whittle 1993 or Kennicutt 1998). It is sug

gested (e.g. Moss & Whittle 1993) that the normal processes of star formation 

occur within the spiral disk of a galaxy, whereas the Ho: emission detected from 

circumnuclear regions is the result of tidally-induced star formation (predomi

nantly due to galaxy-galaxy interactions). Moss et al. (1998) find that the latter 

type of emission is enhanced in the cluster environment, whereas the normal disk 

emission shows no strong cluster/field difference. 

The Ho: Galaxy Survey includes only one cluster - Virgo, and this was partially 

ignored in the main study to concentrate on field and group galaxies. A tot al 

of 15 Virgo galaxies, as identified by Binggeli et al. (1985), were observed. A 

complementary study of the cluster, using INT Ho: imaging of a number of Virgo 

fields defined by J. Davies et al. as part of the INT Wide Field Survey (McMahon 

et al., 2001), is in progress, but is beyond the scope of this thesis. 

Fifty-three of the galaxies in the observed sample have been designated as group 

members by Huchra & Geller (1982) (as were 7 of the 15 observed Virgo galaxies). 

Twenty-nine galaxies form optically close pairs, in the sense that they appear in 

the same field of view. The odd number comes from a galaxy paired with a non

included SO type. Seven of the paired galaxies are also classified as group galaxies, 

but will be treated here as pairs. Five of the pairs (9 galaxies, not including the 

SO) are defined as interacting in the notes published on NED (which in turn come 

from the UGC and RC2). 

Whilst the star-forming properties of compact groups (e.g Moles et al. 1994:: 

Hashimoto et al. 1998; Iglesias-Paramo & Vilchez 1999; Allam et al. 1999) alld 

of Virgo Cluster galaxies (e.g. Koopmann et al. 2001) have been well studied. 

and will be further studied, the effects of lower density envirOllIllent~ hay<, b<'<'n 

rdatively ignored (although see Allam et al. 1999). The remainder of this ~ecti()ll 

will primaril~' concentrate on the differences between isolated field galaxi('~. ;llld 
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Figure 8.18: The distribution of SFRs as a function of T-type. Different galaxy 
environments are coded with different colours and symbols. 

those in groups or pairs. 

8.3.1 SFR dependence on environment 

In Figure 8.18, the total star formation rates for the observed sample have been 

plotted against T-type, with different colours and symbols for the different envi

ronments occupied by the galaxies. The environment appears to play very little 

role in the distribution of SFRs amongst the different Hubble types, with the 

exception that 3 of the 8 galaxies with SFR> 5 M8 yr- 1 are involved in interac

tions. 

In Figure 8.19, the Virgo galaxies have been removed from the sample, and the 

galaxies in groups and pairs have been investigated as one population. The mean 

star formation rates are plotted for field and group+pair galaxies separated into 

Hubble types. The error bars represent the standard errors on the point. No 

error bars are plotted for points derived from th data of only on galaxy, in 

this case for the T=l group galaxy. For mo t Hubble ype , \ e e no diff r n 

betw en the field and the group+pair ampl . Th exc ption ar for ab and 
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Sdm galaxies, where we see a reduced mean SFR for group+pair members. and 

for Sb galaxies, where we find a higher mean SFR for group+pair galaxies. 

Figure 8.20 shows the median SFRs for each type. \Vithin the errors: there i~ 

no longer any significant difference between the field and the group+pair popu

lations. 

The ratio of the SFR for a group+pair galaxy to the mean SFR of the field 

galaxies with the same Hubble type was calculated for each group+pair galax~·. 

The mean ratio of group+pair to field SFR is given by: 

(8.:2) 

where ng is the number of group+pair galaxies, n j (T) is the number of field 

galaxies of type T, and SF Rj(T) and SF Rg(T) are the star formation rates of the 

field and group+pair galaxies which are of Hubble type T. For the 75 group+pair 

galaxies, the SFR is found, on average, to be 1.32 times higher than for the 

equivalent-type field galaxies. The standard error on this result is 0.21, however, 

which means that the difference found between the SFRs of the group+pair and 

the field sample is not significant. 

Figure 8.21 shows the SFRs of the galaxies plotted against the lOgC31 concentra

tion index. Objects are colour coded by their environment. In this plot, the Virgo 

galaxies have again been included, and the group sample has been separated back 

into the Huchra & Geller (1982) groups and the paired galaxies. Plotting SFR 

on a logarithmic scale reveals that the lowest SFRs occur mainly in field galaxies. 

For star formation rates above 0.01 M0 yr-1
, the environmental effects seem to 

be very small. 
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Figure 8.21: SFR plotted against the logC31 concentration index. Different galaxy 
environments are coded with different colours. 

8.3.2 EW dependence on environment 

The environmental dependencies of luminosity-normalised star formation activity 

are investigated in this section. Figure 8.22 shows the EWs of the observed 

galaxies binned by Hubble type, with galaxies in different environments coded 

with different colours and symbols. It can be seen from t he two highest points 

in the 1m (T= 10) bin (the pair UGC 3847 and UGC 3851, see Figure 7.19) and 

the highest EW point in the Sb (T=3) bin (UGC 12699, see Figure 7.21) that 

galaxy interactions can significantly increase the star formation above the modal 

value for galaxies of those types. It can also be seen from the lowest point in the 

1m bin (UGC 12700 - the partner of UGC 12699) that interactions can effectively 

halt the production of new stars in a galaxy. 

Another trend apparent from Figure 8.22 is the lack of group and Virgo Cluster 

galaxies with low EWs particularly for types later than Sbc (T= 4). 

Plotting the mean value EWs of the field and group+pair galaxie (Figur 

shows no difference within the errors between the two ampl for the nlajorit 

of Hubble types. Th exception are th Sb (T=3) d (T=7) and Inl ( =10) 
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Figure 8.22: The distribution of EWs as a function of T-type. Different galaxy 
environments are coded with different colours and symbols. 

galaxies, where the mean group+pair EW is higher than the mean field value. 

In the cases of the Sb and the 1m galaxies, the group+pair mean EW is at least 

partially influenced by the increased activity in the interacting galaxies mentioned 

above, as can be seen when plotting the median values in Figure 8.24. 

Calculating the ratios of group+ pair EW s to the mean field EW for the appro

priate Hubble type as before, we find that, in the mean , the equivalent widths 

of group+ pair galaxies are 1.37 times higher than the field. The standard error 

is 0.15, thus this result is marginally significant. Removing the 3 high EW, in

teracting galaxies mentioned above causes the mean ratio to drop to 1.13, with 

a standard error of 0.07. The finding is therefore below 2 standard errors, and 

so no significant difference between the field and the group+pair populat ions can 

be said to be found. 

Koopmann & Kenney (2002) plot equivalent widths against R-band continuum 

concentration for 29 isolated and 84 Virgo Cluster galaxies. T hey find that th 

isolated galaxies mostly fall into a narrow range on thi plot. Th Virgo galaxi 

have a much larger spread in EW mostly due to galaxie with reduc d tar forma

tion, but also partially due to larg enhan m n in th E\V for v ral galaxj . 
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Figure 8.25: EW plotted against the logC31 concentration index. Different galaxy 
environments are coded with different colours. 

In Figure 8.25, the equivalent widths are plotted against the logC31 R-band con

centration index for the observed HaGS galaxies. Different local environments 

are coded with different colours. 

The findings of Koopmann & Kenney (2002) are not reproduced here for either 

the group galaxies or the 15 Virgo galaxies. With the exception of the 3 high

EW, interacting galaxies, the isolated field galaxies appear to cover a marginally 

larger range than the galaxies in denser environments. 

8.3.3 Ha surface brightness dependence on environment 

Finally, we investigate the effect of environment on the size-normalised star forma

tion rates, as represented by the Ha surface brightnesses of the galaxies. Figur 

8.26 shows the distribution of surface brightnesses within each Hubble type with 

the different galaxy environments coded by different colours and symbol. \V 

see very few non-field galaxies with low Ha surface-brightne value. How r, 

8 out of 12 galaxies wi th log S B (H a) > 3.0 are from pair group or Virgo. 

Plotting the mean Ha surface brightn in Figur :-. .:"'7 , \V that th r i an 



8.3. Environmental dependencies 

I I 

o Field 
o Non-interacting pair 
• Interacting pair 

ot- - 0 Group 
* Virgo • 

'"' ts 0 0 o~ :L 0 '-' 
CD 0 8 0 0 0 

(/) 0 * oW 
€l 0 

0 

~: 0' 0 ..2 N I- 0 

§tI 0 * 0 
0 * 

0 

8 0 

0 
0 

0 I I 

0 2 

I 

o 

0 

0 

0 0 

~"§ 
0 0 
0 0 
0 

80 

0 

I 

4 

149 

, 
I 

-

0 

;: 0 
0 * 0 0, 

0 
0 • 8 

8~ 0 8 0 

~~ I: 0 0 ~ § 

~~ ,: 
0 

~O ;~ Ie r 
-

0 8 § 

8 § 

0 0 
0 0 €l 8 

€l 8 

I I I 

6 8 10 

T-type 

Figure 8.26: The distribution of Ha surface brightnesses as a function of T-type. 
Different galaxy environments are coded with different colours and symbols. 

increase in the average star formation rate per unit surface area in the group+pair 

galaxies compared to the isolated field objects. The situation is almost identical 

if the median values were to be plotted. 

On average, the Ha surface brightness for group+pair galaxies is found to be 2.67 

times higher than their field counterparts. The standard error on this result is 

0.44, so this is a significant result. K-S tests applied to galaxies of each Hubble 

type are consistent with the field and group+pair samples being drawn from 

different populations. 

Plotting the mean R-band surface brightnesses (Figure 8.28) shows that the 

continuum light per unit surface area is also enhanced in group+pair galaxies 

compared to the field. This finding remains true if we change our method of 

constructing a measure of surface brightness. Figure 8.29 shows the Ha and R

band surface brightnesses defined using the R-band effective radii of th galaxi 

instead of the Petrosian radii. 

A plot of the size-normalised star formation rate again t R-band n n ra IOn 

index (Figure 8.30) again how that galaxi in pair, group or in th Yirg 
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Figure 8.29: As for figures 8.27 and 8.28, but using the R-band effective radiu 
as a measure of galaxy area instead of the R-band Petrosian radius. 

Cluster have predominantly high values. The objects with the lowest SFRs are 

mostly field galaxies. 

8.4 Interactions 

The effects of interactions on the distribution of the star formation within th 

galaxies involved were investigated in Section 7.4. In Section 8.3.2 we saw that 

interactions can increase the star formation activity of a galaxy, but can also 

decrease it. 

Previous studies have found that interacting and merging galaxies show strong 

and widely ranging enhancements in their star formation rates , ranging from 

zero in gas poor galaxies, to on the order of 100 times in the most extreme a e 

(e.g. Kennicutt et al. 1987; Bushouse et al. 1988). The average enhancement i 

generally found to be 2-3 times that found in isolated galaxies (Kennicutt, 1998). 

In Table 8.1, the relative star formations of the 9 interacting galaxie in th 

observed sample are summarised. 

UGC12700 had no observable Hex flux so a value of 1.0 x 10- 17 \\Tm -2 W' taken 

a th lowest flux at which Hex wa detected 'within th un' Y. h ' HI I 1 limit" 

in th table are derived from thi . 
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Figure 8.30: Ha surface brightness plotted against the lOgC31 concentration index. 
Different galaxy environments are coded with different colours. 

Table 8.1 shows that the SFRs found in the interacting galaxies can fall both 

above and below the mean found from the field galaxies for the same Hubble 

type. This is not surprising as the size of the galaxy will play a large part in 

the overall SFRs. Several of the interacting galaxies were only observed as they 

happened to appear in the same field of view as their companion galaxy, and thus 

can fall above or below the diameter limits of the parent sample. 

With the exception of UGC12700, which is believed to be a post-starburst galaxy 

(Bernloehr, 1993), the equivalent widths of interacting galaxies are increased over 

those of their isolated equivalents. UGC3847 has its EW enhanced by nearly an 

order of magnitude. 

In most cases, the star formation rate per unit area is also significantly enhanced 

by interactions. For this measure of activity UGC12699 ha exp rienced th 

largest increase. 
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Galaxy SFR (M0yr 1) SFR EW (nm) EW SB(HQ) 

SFRfield 
log S8(Ho) 

EWfield SB(HOl} field 

UGC3847 0.00354 0.0234 33.88 9.33 2.83 4.62 
UGC3851 0.0390 0.258 23.61 6.50 2.93 5.83 

UGC6595 0.385 0.392 2.88 1.47 2.27 0.87 
NGC3769A 0.0859 0.498 7.20 1.57 2.88 ~:I. 0 ~ 

UGC8034 0.514 3.405 8.00 2.20 2.54 2.36 
NGC4810 0.271 1.792 7.00 1.93 2.88 5.15 

UGC3740 13.48 5.905 6.06 1.64 2.93 2.97 

UGC12699 7.849 7.981 9.65 4.92 3.66 21.1 
UGC12700 < 0.028 < 0.185 < 0.7 < 0.193 - -

Table 8.1: The star formation properties of interacting galaxies. 

8.5 Summary 

Morphology 

For all the different measures of star formation, a large scatter amongst galaxies 

with the same morphology is found. When investigating the total star formation 

rate of a galaxy, the highest values are found for Hubble-types Sb-Sc. \Vhell 

normalising for galaxy mass or size, the Sm-lm galaxies are found to be the most 

active on average, and the early-type SO/a-Sa galaxies the least. However, there 

are still many early-type galaxies with higher amounts of star formation activit~· 

than many of the later types, and in fact, the lowest individual star formation 

rates generally belong to the Sm-lm classes. Overall, these latest types have the 

largest range in star-forming properties. 

The modal SFR, for all types, is close to zero, indicating that galaxies with lo", 

star formation rates are much more common in the local Universe than those 

with high SFRs. 

Bars 

There appears to be some weak dependence on bar presence. The higll<'st ["'s are 

generall? found in barred galaxies, particularl~' for the later t~·pes. The strellgth 

of the dependence weakens if median values are studied rat her than meall st al' for

rrlll tion rates. Further investigation is required inYoh-ing t h(' length and st rf'llgt h 
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of the bars before their true contribution can be fully understood. 

Luminosity 

Gavazzi et al. (1996) found that EW increased steeply with decreasing galax,' 

luminosity for the brightest galaxies and was independent of luminosity below (\ 

certain threshold. The results from the Ha Galaxy Survey are in agreement with 

this finding for early-type galaxies (SO/a-Sa), but for all later types, there appears 

to be no correlation between the star formation per unit mass and the continuum 

emission from the galaxy. The HaGS sample contains more faint galaxies than 

that studied by Gavazzi et al. (1996). 

No correlation is found between Ha surface brightness and R-band absolute mag

nitude either, although there is a very large scatter. 

Environment 

Allam et al. (1999) find a slight decrease in the mean [OIIJ)'3727 E\i\'s for galaxies 

in loose groups in the Las Campanas Redshift Survey, compared to field galaxies. 

The HaGS data reveal no significant difference in the mean or median SFRs and 

Ha EWs for the Huchra & Geller (1982) group galaxies and those in close pairs 

compared to the field sample. However, for both measures of star formation. 

the lowest values are predominantly found in the field. Koopmann & Kellll<'Y 

(2002) find a larger spread of EWs for Virgo Cluster galaxies than for the isolated 

galaxies. The reverse has been found here for the group, pair and \'irgo objects. 

When the Ha surface brightnesses of the galaxies are used as a Ineasure of size

normalised star formation, a significant increase in activit~· is lloted in the group 

and pair galaxies. Only a very few non-field galaxies are detrcted wit h the lcm'est 

surfac{' brightnesses, whereas 8 out of 1:2 of the highest surface-brightness galaxies 

are in pairs, groups or the Virgo Cluster. Higher H(l surface brightIH'sses are f()ulld 

for group+pair galaxies when the mean and lll<'<iian ,'alul's <11'<' compau'd. TIl<'S(' 
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galaxies are found to experience a mean enhancement in their size-normalised 

star formation rates by a factor of 2.67±0.44. The R-band surface brightnesses 

of group+pair galaxies are also enhanced over those in the field. These findings 

do not change if we alter our method for representing galaxy sizes. 

The difference between the findings from the EW and the Ha surface brightness 

investigations could imply that galaxies in groups and pairs haye experienced 

constant star formation enhancements over large timescales. Thus, the nunlber 

of old stars in these galaxies will have increased in proportion to the number of 

newly-formed stars and the equivalent widths (which are also a Ineasure of star 

formation history) will be relatively unaffected. The detected increase in R-band 

surface brightnesses in group+pair galaxies supports this theory. 

Interactions 

In agreement with previous studies, we find a general enhancement in the star for

mation of galaxies involved in interactions. The magnitude of this enhancement 

is variable, and on average is higher when measured using Ha surface brightness 

than when EWs are taken. Interactions can also effectively halt the formation of 

new stars, as seen in UGC12700. 



Chapter 9 

Star formation in the local 

Universe 

Amongst the main aims of the Hex Galaxy Survey are the calculations of tll<' 

current star formation rate of the local Universe and the contribution of galaxies 

of different types and luminosities to this total. Madau et al. (1996) plotted the 

SFR density as a function of redshift. They found that the star formation rate 

at high redshifts was greater than the present day value, suggesting an epoch of 

disk formation at Zrv 1. Madau et al. (1998) detected a star formation peak at a 

redshift of z~1.5, followed by a fall at higher redshifts. Steidel et al. (1999) find 

that, if corrections for dust extinction are made, the star formation as a function 

of redshift remains essentially constant for all z> 1. There is still significant 

evolution below z=l, however. Hopkins et al. (2000) find that the density of star 

formation at z~1.3 is an order of magnitude greater that that locally. 

The results from this survey can be used to more fully determine the SFR densil\' 

at z=O on the Madau plot. A thorough calculation, including a full tr(';ltlll(,Ilt 

of the various selection biases, sample completion, extinctioll corrections, _-\C \" 

contamination and local clustering effects. is benmd the scope of this t h('sis. 

However, initial results can still be obtained. 

156 
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9.1 The local luminosity function 

In order to apply the results of the Ha Galaxy Survey to the local l~niyerse. the 

make-up of the galaxy population must be known. One way to do this is to plot 

the space density of galaxies as a function of absolute magnitude. 

An investigation into this luminosity function was made using the original parent 

sample from the UGC, described in Section 2.1. It was assumed that the UGC ,,"as 

complete within its selection criteria, that is, all galaxies to a limiting diameter of 

1.0' and a limiting blue apparent magnitude of 14.5 at declinations greater than 

-2.5°. Selection biases in the UGC are beyond the scope of this work (but see de 

Jong & Lacey 2000 who find biases against low surface-brightness and small scale

size galaxies). One hundred and eighty spiral galaxies which had been excluded 

from the parent sample due to their high inclinations were reinstated for this 

analysis. To prevent the results being skewed by the high density of galaxies in 

the Virgo cluster, galaxies with right ascensions between 12h10m and 12h46
m

, and 

declinations between 3°14' and 20°13' were excluded. 

The apparent blue magnitudes quoted by NED for each galaxy were used. These 

are generally taken from RC3. Magnitudes fainter than 17 are quoted to low 

precision - to the nearest magnitude. In the majority of these cases, more precise 

values were found in the literature references listed by NED, and these were used 

in preference. To convert the apparent magnitudes to absolute magnitudes, dis

tances were calculated for each galaxy using the Virgo-infall correction method 

described in Section 3.11. Figure 9.1 shows the distribution of absolute blue 

magnitudes (ME) within the parent sample (excluding Virgo region galaxies, but 

including highly inclined spirals). It should be noted that these magnitud('~ are 

not corrected for extinction in this preliminary investigation. Applying correc

tions would result in brighter magnitudes for all galaxies. with thc exact challg<' 

being dependent on their position in the sk~" and their dust contcnt. Inclusion (,f' 

the highly inclined galaxies introduces further complications a~ t}1<' ('xtinl'ting ef

fects of dust depend both upon its quantit~" and di~tribution \\"ithin each galaxy. 
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Figure 9.1: The distribution of absolute blue magnitudes within the parent sam
ple, with galaxies in the Virgo region removed , and highly inclined galaxie in
cluded. Each bin represents 0.5 mag. 

If galaxy disks are optically thick, as argued by Disney et al. (1989) and th 

dust is distributed in a smooth, vertically extended layer, then the galaxy will 

appear less luminous when seen edge on than when viewed face on. If the dust is 

confined to small clumps around luminous stars, the inclination dependence will 

be negligible. 

It can be seen from Figure 9.1 that the vast majority of galaxies (915 out of 925) 

have magnitudes between -22 and - 13. 

One way to derive a luminosity function is to group the sources in a complet 

sample into intervals of 1 magnitude of absolute luminosity. These ar th n 

divided by the volume over which each group is completely repre ented in th 

sample. An alternative method is to sum the separate contribution to a'h 

luminosity grouping from each source. These can be comput d by di\'iding unit? 

by the volume over which the source could be observ d in th ampl ( lllUi 1 , 

1968; Felten, 1976). This can be written as 

( .1 
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¢(MB) is the space density of galaxies with blue magnitude JIB: 1 ~ is the visibil

ity volume within which a galaxy, i, can be seen and included in the sample. and 

the quantity OJ 47f is the fraction of sky covered by the sample in question. In 

this case, 0 = 27f x 0.695, once the Virgo Cluster and Galactic regions have been 

removed. Strictly speaking, Equation 9.1 applies when galaxies are randomly dis

tributed throughout a static Euclidean universe. However, even with the removal 

of the Virgo region, galaxies still cluster, and so the local space density of galaxies 

should be higher than the universal average space density at the present epoch 

(Condon et al., 2002). 

Each selection criterion will define a maximum volume in which a galaxy of given 

properties can be observed. The visibility volume is defined as the minimum of 

these volumes for the galaxy in question (Disney & Phillipps, 1983; Davies et al., 

1994). There are three sets of selection limits applicable to the parent sample 

that will define maximum volumes in which a galaxy is observable. The UGC 

limiting absolute magnitude, mlim, is 14.5 (although many galaxies have quoted 

magnitudes fainter than this on NED). A galaxy with absolute magnitude 1\11 call 

therefore be found anywhere within a volume 

T 7 (M 3) = 47f 100.6(mlim -M -25) 
Vm,mag pc 3 . (9.2) 

This equation does not take into account extinction corrections. 

The HaGS sample was selected to contain galaxies with apparent angular di

ameters between 1.7' and 6.0'. A galaxy with an absolute diameter D will be 

excluded from the sample if its distance, d, is low enough for the apparent diame

ter to measure greater than 6.0', or if it is so far away that the apparent diameter 

falls below 1.7'. Thus the volume in which it can be obsen"ed is 

. 3 -lIT 3 [( D)3 (~)3l 1 m,D (Mpc ) = 3 d 1.7 - 6.0 . 

G .1 . . h· h . e I·Iltrl·nsicallv small and faillt will onh" 1)(' detected at the 
il (1X1('S W lC ar. . 

11 d · t· d e to the apparent magnitude alld tIl(' Illinimulll appal"('llt 
SIlU). est IS ,ances u. , 
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diameter limits. The galaxies with the largest intrinsic sizes can only be ob

served at larger distances, due to the maximum angular diameter limit. To ac

count for this uneven observable distribution, the parent sample ,,"as split into 

5 redshift shells: v< 1000, 1000<v<1500, 1500<v<2000, 2000<,"<2500. and 

2500<v<3000 kms- I
. These redshift limits were converted to distance limits us

ing the Virgo infall model described in Section 3.11. The distances taken are 

the mean values computed at each redshift for 687 systematic positions around 

the sky, excluding regions close to the Virgo Cluster and the Galactic plane. 

These distance limits are: 15.6, 22.0, 27.9, 33.6 and 39.3 Mpc. Galaxies ,,"ere 

redistributed into the correct distance shell when appropriate. 

In each shell, there will, therefore, also be a maximum volume in which a galax~" 

can be observed due to the distance limits of that shell: 

3 27f 3) 3 ( )) Vm,shell (Mpc ) = 3 x 0.695(do(shell - di shell , (9A) 

where do(shell) is the outer-distance limit for the shell in which the galaxy is 

located, and di(shell) in the inner-distance limit. The factor of 0.695 comes from 

integrating the volume of sky through 27f radians of right ascension and frorn 

-2.5-90° in declination, with the Virgo Cluster and regions that lie within 20° of 

the Galactic plane removed. 

For the majority of the galaxies (rv 790), Vm,shell is the smallest of the 3 volumes. 

and thus corresponds to the visibility volume of the galaxy. For the faintest 

galaxies in each bin (rv 100 in total), the visibility generally becomes equal to 

v: For a small number of galaxies (rv 30), predominantly ill the low('st-
m,mag' 

distance shell, Vm,D is the smallest volume. This shows that, by binning up the 

galaxies by distance, we have produced a largel~" yolume-limitecl sample. 

The results of applying Equation 9.1 to each shell are shown ill Figure 9.:!. The 

b t A-.( i'J )/ f/i where II is the number of galaxies contribll t ill,l!, error ars represen '+' 11 B V 1(. 

to the point. It can clearly' be seen t hat the faintest galaxies are onl~" t() 1)(' 

. d' hIt d' tance shells whereas the brightest gal<lxies are lllon~ C()Ill-foun In t e owes - IS ' , 
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mon at higher redshifts. These plots have been combined, assuming a Poisson 

error distribution, by taking the weighted mean (L n¢(JIB )/ L n) for each 
. shell shell 

magnItude to produce a luminosity function for the entire parent sample out tu 

v=3000 kms- l (Figure 9.3). A total of 915 galaxies comprise the data in Figure 

9.2. Three points in the plots are derived from only one galaxy (and thus han-' 

no error bars). These points were omitted when deriving the weighted mean for 

each magnitude grouping, and so Figure 9.3 contains data from 912 galaxies. 

L uminosi ty functions of field galaxies are often found to be described well b~' a 

Schechter function (Schechter, 1976) (see e.g. Efstathiou et al. 1988): 

¢(M)dM = (0.4 In 10)¢*10°.4(M*-M)(a+l) exp (_10°.4(M* -M)). (9.5) 

This formula describes a function where the number of galaxies decreases approx

imately as a power law with increasing galaxy luminosity at faint magnitudes. 

but cuts off very sharply for galaxies brighter than some characteristic magnitude. 

M*. a gives the slope of the luminosity function at the faint end and ¢* sets the 

over-all normalisation of galaxy density. The function was derived assuming that 

galaxies form by self-similar gravitational condensation, and thus all have the 

same mass-to-light ratio (Press & Schechter, 1974; Condon et al., 2002). 

A Schechter fit was made to the galaxies in Figure 9.3 by scanning through ¢* , ill' 

and a parameter space and finding the values that minimise the X2 statistic: 

2 _ '" (log ¢ fit - log ¢eale)2 

X - ~ (log (1 ± l/fo))2 , 
M 

(9.6) 

where ¢fit comes from Equation 9.5 and ¢eale from Equation 9.l. If 91/1 > OIU/c' 

then the plus sign is used in the denominator, and if ¢ fit < ¢eale, then the minus 

. . d The best fit Schechter function to the calculated points is repn's('llt('d SIgn IS use . -

as the solid line in Figure 9.3. The parameters are gin'll in Table 9.1. TIl<' tit 

" t' 1 l' at the bright end where there are \"('1"\" fe\\" ~(\laxi('s brighter 
IS poor, par ICU ar ~. ." 

than 1'/ B to constrain X· 
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Figure 9.3: The luminosity function for the entire parent sample. The solid line 
shows the best-fit Schechter curve and the dashed line shows the Schechter fit 
from the AARS data. 

For comparison, the Schechter function that best describes the spiral galaxies in 

the range -22 < ME < -17 from the Anglo-Australian Redshift Survey (AARS' 

Peterson et al. 1986) as found in Efstathiou et al. (1988) is represented by the 

dashed line. The parameters are again given in Table 9.1. 

The AARS fit agrees relatively well with the bright end of the parent ampl 

luminosity function, and no re-normalisation was required. The main di crepan .? 

comes from blue magnitudes fainter than - 17 (below the limit of the AAR data). 

We find a large number of faint galaxies not predicted by the - RS- ch h r 

function. The data calculated for the HaGS parent ampl are not " r T" 11 fit 

by a Schechter function due to these low-lumino ity galaxi . n f th prin 'ipal 

advantages of the Ha Galaxy Survey ov r previou tar format! 11 , tucli s i. t h 

in lu ion of this large population of faint galaxi . 



9.2._ The local SFR density as a function of galaxy luminosity 

Sample 
parent 
AARS 

¢* 
0.0022 
0.0067 

M* 
-21.85 
-20.26 

-1.49 
-1.24 

912 
340 

Red. X 
13.67 

16-1 

Table 9.1: Schechter fit parameters for the HaGS parent sample and the AAns 
sample. Ngal is the number of galaxies contained in each sample that \\"ere used 
~o .derive th.e parameters. The reduced X2 value for the fit to the parent sample 
IS Included In column 6. A value for Ho of 75 kms- 1 Mpc-3 has been taken. 

9.2 The local SFR density as a function of galaxy 

luminosity 

Figure 9.4 shows the absolute blue magnitudes and the calculated SFRs for the 

observed HaGS galaxies. Not included are galaxies in the Yirgo region, or those 

observed which were not part of the parent sample. The SFRs hay(-' been corrected 

for both internal and Galactic extinction. There is a strong, approximately-linear 

correlation between log SFR and M B , although there is a large amount of scatter 

within each magnitude grouping. The highest star formation ratcs are found in 

the brightest galaxies. 

In order to scale up the observed sample to more accurately represent the par

ent sample (and thus reduce observing biases), each galaxy was placed into a 

morphology-magnitude bin. Figure 9.5 shows the distribution of absolute magni

tudes amongst each galaxy T-type for both the parent and the observed samples. 

Whilst the faintest galaxies tend to be irregulars, the range of the distribution is 

very large. K-S tests applied to each galaxy type show that the observed sam

ple is consistent with being drawn randomly from the parent sample. For (,,[ell 

T-type, the distribution was divided into high, medium and Imy magnitudes and 

the number of galaxies in each T-1IIB bin was counted for both t h(' parent and 

the observed samples. 

The points in the luminosity function found in the pr('yious section \Y('1'(' us('d 

to predict the number of galaxies within each magnitude grollPing 1 hat should 



_9_. 2_. _T_I1_e_lo_c_a_l _S_F_R_d_en_s_i......::ty~a_s_a_fi_u_n-.:.c...:...:tl:....:::.· o-=n~o=-=f~g2..::a=-lax~y~lu~m~in~o~s~i t~Y _____ 165 

e: 
(f) a 
0> 

..Q 

N 
I 

-12 

8 g 
B 9 
0 

~ 
~ 

-14 

8 I 
3 
a 

• 8 
0 

0 

1 

-16 

I 

8 

I 
I 

0 

I i 0 -

I @ 

I 
0 

• 0 • 

I 1 

-18 -20 -22 

Me 

Figure 9.4: The log of the star formation rate plotted against binned absolute 
blue magnitudes for the observed galaxies. 
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9.2. The local SFR density as a fun ction of galaxy lumino ity 

N o . 
o 

...... 
", 0 o . 

0. 0 
::E 

" a:: 
lL.. en ...... o . 

o 

", 
I o ...... 
x 
Ll) 

o 
-12 

f 

t + 

-14 -16 -18 -20 

Me 

166 

f 

-22 

Figure 9.6: SFR density as a function of absolute blue magnitude found u ing 
the points in the luminosity function (Fig. 9.3). 

be present in a volume chosen to be 1000 times larger than that covered by the 

Survey. For each of these predicted galaxies , an SFR value was randomly allocat d 

from a pool of values compiled from the observed data. A separate pool wa 

produced for each magnitude grouping, based on the distribution shown in Figur 

9.4. A single observed galaxy would contribute to the pool more than once. Th 

exact number of times was determined by the ratio of the parent to ob ervecl T

MB bin counts (to scale the observed sample to the parent sample) and weight cl 

by the l/Vm value for that particular galaxy (to scale to th actual numb r 

of similar galaxies in the volume). The selected SFR wer SUlllill d for )ach 

magnitude grouping and divided by the chosen volume to giy th relati lL 'hip 

between SFR density (in Moyr- 1 Mpc-3
) and ab olut blu magnitu 1. 11 ' 

r suIts are shown in Figure 9.6. The error bar r pre nt FR d llsity cli"idcd by 

the square root of the number of ob rved galaxi in th 111a -nit.u If' gr )llpill ). 

Th plot hows that in th local Uni, r ) th tar formation i...: d miui-lt)ci bv 



_9_. 2_. _T_n_e_l_o_c_a_l _S_F_R_d_en_s.:....::i--.:..::ty~a=-s --=a=-:fi~u~n~c-.:tl~·o~n~o~f-.!:g~a~lax~y~lu~m~l:!.·n~o~s~i tf} _____ 167 

LO 

.., 0"" U . 
0. 0 
~ 

~ ..... 
Ul a _ 

ci 

.., 
I 

~f
X 

LO 

f f I 
+ 

~1~2~~t----~'14~~---~;--6~---~1-8--~-_~2-0--~-_~2-2~ 

Figure 9.7: SFR density as a function of absolute blue magnitude found using 
the Schechter fit to the luminosity function (Fig. 9.3). 

bright galaxies, with 55% of the total taking place in galaxies with absolute blu 

magnitudes of around - 19 to - 20. Fainter galaxies with magnitudes b tween - 13 

and - 17 contribute approximately-equal amounts (around 5% of the total) per 

magnitude. 

If the Schechter fit to the luminosity function is used to predict the number of 

galaxies in a given volume, then we obtain a different SFR-luminosity function 

(Figure 9.7) . Since the fit predicts a lower number of faint galaxies, we find a 

lower contribution to the total SFR density from galaxies with 1\11E < - 14. We 

also find that the contribution from galaxies with M E = -20 drops, whilst that 

from the very bright M E = - 21 galaxies increases. 

Figure 9.8 shows the SFR-Iuminosity function if t he AARS-Schechter fit is u ed . 

This , again, predicts a much smaller contribution from the faint end than i found 

using the points in the ME luminosity function. The hape of the bright nd i 

similar to that in Figure 9.6 but systematicall lo\<\er. 

All three plots show that t he current SFR i dominat d bv bright gala.-i 'wit 11 

ME between - 19 and - 20. 
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Figure 9.8: SFR density as a function of absolute blue magnitude found u ing 
the Schechter fit to the AARS luminosity function (Fig. 9.3). 

9.3 The Ha luminosity function 

An Ret luminosity function plots the number of galaxies per unit volume, group d 

according to their Ret luminosity, and hence SFR. It provides information on th 

relative contributions of galaxies with different amounts of star formation, and 

can be used to find the total star formation rate density. 

The Ret luminosity function cannot be calculated directly from the obs rved 

galaxies as this sample is not statistically complete. Instead, the same SFRs u d 

to form the SFR-Iuminosity function in Figure 9.6 were distributed into bins with 

width 0.5 in log SFR. Equation 3.12 was used to convert these back to (extinction 

corrected) Ret luminosities. Figure 9.9 shows the Ret luminosity function found 

when using the points (as opposed to the Schechter fit) from th lIIB lumino ity 

function in Figure 9.3 to predict the number of galaxies in the 10 al nlV r . 

This shows a decrease in the number of ga1axie with incr a ing Hn lumin it:v, 

with a characteristic knee' shape at high lumino itie . Thi i in· gre 111 nt with 

the findings of Salzer (1989)· Boro on t al. (1993)· :Tall '0 t al. (1 9~) nnl 

Gronwall (2000). 
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Figure 9.9: The Ha luminosity function found using the points in the lI IB lu
minosity function (Fig. 9.3). The solid line represents the best-fit Schechter 
function, and the dashed line is the fit found by Gallego et al. (1995) for th 
UCM data. The scale at the top of the diagram indicates the log of the SFR 
corresponding to the Ha luminosity. 

The luminosity version of the Schechter function is given by: 

¢(L)dL = ¢*(L/ L*)aexp( -L/ L *)d(L/ L*) (9.7) 

where ¢(L) is related to ¢(logL) by the equation: 

¢(log L) d log L = ¢(L )dL. (9. ) 
0.4 

The values of ¢* L * and a that b t fit th data in Figur . \V r , fund by 

earching through parameter pa to find th minilTIUm \: 2 , 'alup. T h '. IH' ll 

in Tabl 9.2 and th Sch chter fun tion i in Iud d a the . li 1 lin in lUI' 
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MB LF: Points Scht. fit AARS fit UCM 
¢* (Mpc -3) 0.0011 0.0029 0.0036 0.0021 
log L* (W) 35.16 34.86 34.69 34.79 

Q -1.58 -1.37 -1.19 -1.3 
Red. X2 4.53 1.20 1.129 

Table 9.2: Schechter fit parameters for the Ho: luminositv function as derived 
'" , 

using the points from the MB luminosity function, its Schechter fit, and the AARS 
Schechter fit. The UCM values (converted to Ho = 75 kms- 1 Mpc-3 and to have 
luminosities in Watts) are included for comparison. 

The Schechter parameters found by Gallego et al. (1995) for the 'UCM survey 

representative complete sample' (see Section 1.3.2) are also included in Table 

9.2, and the corresponding function is plotted as the dashed line in Figure 9.9. 

The Ho: Galaxy Survey has consistently detected higher numbers of star forming 

galaxies than predicted by the Schechter fit to the UCM-survey data. The number 

of galaxies with low star formation rates are particularly more populous. These 

galaxies were not included in the UCM Ho: luminosity function, which only goes 

down to log L(H o:)(W)=33.2. 

If the Schechter fit to the MB luminosity function is used to derive the Ho: lu

minosity function, we find a shallower slope at the faint end than before, though 

the number of galaxies with low SFR is still higher than that predicted by Gal

lego et al. (1995) (Figure 9.10). The best-fit Schechter function (solid line) is 

fairly similar in shape to the UCM fit (dashed line), but consistently higher. The 

parameters for the fit are included in Table 9.2. 

In Figure 9.11, the Ho: luminosity function plotted is derived from the AARS 

MB Schechter fit. This produces a very flat Ho: function at the low luminosity 

end. The best-fit Schechter function (solid line) is in good agreement with the 

UCM findings (dashed line), particularly at the high-SFR end of the scale. The 

parameters for the Schechter fit are included in Table 9.2. 
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Figure 9.10: The Ha luminosity function found using the Schechter fit to the ME 
luminosity function (Fig. 9.3). The solid line represents the best-fit Schechter 
function, and the dashed line is the fit found by Gallego et al. (1995) for the 
UCM data. The scale at the top of the diagram indicates the log of the SFR 
corresponding to the Ha luminosity. 
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Figure 9.11: The Ha luminosity function found using the Schechter fit to the 
AARS lIlfE luminosity function (Fig. 9.3). The solid line represents the best-fit 
Schechter function, and the dashed line is the fit found by Gallego et al. (1995) 
for t he UCM data. The scale at the top of the diagram indicates the log of the 
SFR corresponding to the Ha luminosity. 
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9.4 The SFR density of the local Universe 

Summing all the points in Figure 9.6, and adding the errors in quadrature, pro

duces a total star formation rate density for z=O of O.052±O.004 M0 yr-1 Mpc-3 

(Ho = 75 kms-1 Mpc-3
). The binning of the galaxies by magnitude, and the 

omission of galaxies outside the luminosity range covered means that this result 

is a fairly crude approximation. 

If the Schechter fits to the Ha luminosity functions in the previous section are 

good approximations, then the total Ha flux, and hence the total star formation 

rate, of the local Universe can better be found by integrating for the whole range 

of luminosities: 

LtDt = L"" ¢(L)LdL. (9.9) 

Substituting in Equation 9.7, we find: 

L - -+'*L* 100 

t f3 - 1e-t dt tot - \.f/ , 
o 

(9.10) 

where t = L/ L* and fJ - 1 = a + 1. The integral can be solved using the gamma 

function, to give: 

L tot = cP * L * r (2 + a). (9.11) 

Multiplying by 7.94 x 10-35 M0 yr-1 W-1 will convert the total Ha luminosity 

to the total SFR density, assuming a Salpeter IMF and the other assumptions 

listed in Kennicutt et al. (1994). Taking the fit parameters for the Ha IUlni

nosity function derived using the points in the MB luminosity function, we find 

that r(2 + a) = 2.11 for a = -1.58, and thus, the density of the total star 

f' t' t.c z-O l'S 0 027±0 006 M0 yr-1 Mpc-3
. The error is calculated orma IOn ra e lor - . . . 

as VLi [(cPi SFRi)2/ni], where i represents the 8 L(HCl)/SFR bins celltered 

around SFR
i
, and ni is the number of observed galaxies in each bin. If the 
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type-dependent extinction corrections found in Section 5.4.5 are applied when 

calculating SFRs, instead of the standard 1.1 mag correction, the derived SFR 

density is 0.030±0.006 M0 yr- 1 Mpc-3 . 

Gallego et al. (1995) used the UCM survey to calculate an SFR density value of 

0.014±0.001 M0 yr-1 Mpc-3
, where their published value has been converted here 

to Ho = 75 kms-1 Mpc-3 and to a Salpeter IMF. The UCM sample is selected 

according to the strength of the Ha line flux. Their value quoted is for galaxies 

with EW(Ha + [NnJ) > 1.0nm. Approximately 10% of the HaGS observed sample 

have EW(Ha + [NnJ) <1.0nm, but we also find more galaxies for all Ha lumi

nosities, as seen in Figure 9.9. These extra galaxies will contribute towards our 

higher result. 

Integrating under the Ha luminosity functions in Figure 9.10 (derived using the 

Schechter fit to the parent sample) and Figure 9.11 (derived using the Schechter 

fit to the AARS sample) gives total current SFR densities of 0.024±0.005 and 

0.016±0.003 M0 yr-1 Mpc-3 respectively. These values are lower in both cases 

than that calculated from the points in the luminosity function. Both the lifE 

Schechter fits decrease the estimated number of faint galaxies, and the AARS fit 

is also systematically low at the bright end. 

It should be remembered at this point that Ha luminosity is only sensitive to 

the the formation rate of stars with masses greater than 10 M0 · The total SFRs 

quoted here are all extrapolations and rely on the IMF of the newly-formed stars. 

9.5 The local morphology function 

In order to determine the contribution to the total current star formation rate 

from different galaxy types, a similar process to that described earlier in this 

chapter needs to be employed. In this case, instead of in"estigating relationships 

with luminosity, we substitute in the galaxies' T-ty·pes. A rnorphology fUIlctioll 

is a plot of the space density of galaxies as a function of Hubble t~·l)()· 
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The morphological make-ups of both the parent and the observed samples were 

shown in Figure 2.1. Using the parent sample as described in Section 9.1 and 

the l/Vm method, morphology functions were derived for each distance shell 

(Figure 9.12). Using this method, the same galaxies should be predicted as with 

the luminosity function, but instead of being grouped by their luminosity, the 

galaxies are binned by their Hubble type. 

A number of galaxies (27) were classified by NED simply as being S, SA, SAB or 

SB spirals. These were allocated a T-type of 12. The shape of the morphology 

function varies between each shell. The shell containing the closest galaxies is 

dominated by the Sd-lm galaxies (types 7-10), whereas the furthest shell contains 

a peak between Sb-Scd (types 3-6). The functions in the middle shells are almost 

fiat. These observations are similar to those noted in Section 2.3. The reason for 

the differences in the morphology functions in each shell is related to the wide 

distribution of luminosities within each Hubble classification seen in Figure 9.5. 

The irregular galaxies found in the first shell are predominantly the low-luminosity 

galaxies seen in the equivalent luminosity function in Figure 9.2, whereas the high 

luminosity irregulars are found in the outer shells. 

The functions in each shell were combined by taking a weighted average to pro

duce a morphology function for the entire parent sample out to v=3000 kms- 1 

(Figure 9.13). A total of 915 galaxies are included. The resulting function shows 

an increase in galaxy density with increasing T-type. The gradient is shallow for 

the earlier types, but becomes steeper for the latest types. 

9.6 The local SFR density as a function of galaxy 

morphology 

The range of observed SFRs for each Hubble type was shown in Figure 8.1 in 

Section 8.1.1 for the entire observed sample. The relationship between SFR and 

galax~' morphology is more complicated than that between SFR and luminosity. 
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Figure 9.12: The calculated parent morphology functions for ach di tanc h 11. 
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The range of SFRs for any given Hubble type is large. 
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The SFR-morphology function was produced, using the morphology function 

in the same way as the SFR-Iuminosity function in Section 9.2. The predicted 

galaxies derived from the parent sample population allocated as T-type=12 were 

redistributed amongst the spiral type bins in proportion to the number of galaxies 

already in each morphology grouping. Observed galaxies with T-type=12 had 

been re-classified by eye. 

The numbers of galaxies in each T-MB bin were again scaled to match the num

bers in the parent-sample bins. In order to make sure all type of galaxy w r 

represented in relation to their local Universal abundance the l/Fm weighting 

was again applied. This was especially important in the ca 
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galaxy will be selected from the pool of irregular galaxies will be too high, and 

the overall contribution of these objects to the total SFR of the Universe will be 

over-estimated. 

The results are shown in Figure 9.14. The plot shows that the galaxies contribut

ing the most to the local star formation are those classed as Sbc-Sc. The large 

number of Sm-lm galaxies, combined with the finding that many of these galaxies 

have reasonably high star formation rates, results in a significant contribution to 

the total SFR from objects often ignored or undersampled in previous studies. 

If the type-dependent extinction corrections found in Section 5.4.5 are applied 

(Figure 9.15) instead of the standard l.1 mag correction, the only major change 

to the shape of Figure 9.14 is that the contribution from 1m galaxies falls below 

that of the Sm galaxies. 

9.7 Evolution of SFR density 

Figure 9.16 shows the HaGS SFR density for z=O (0.027±0.006 M0 yr-1 Mpc-3
) 

plotted onto the Madau plot of Hopkins et al. (2000). This plot shows the SFR 

density as a function of redshift, where UV-derived points have been corrected 

for extinction as described in Steidel et al. (1999). There are large uncertainties 

at the high redshift end of the figure due to uncertainties in the faint end of the 

UV luminosity function at high redshift and uncertainties in the dust extinction 

at all redshifts (Steidel et al., 1999). 

The HaGS point is at a higher SFR density than that of Gallego et al. (1995), 

and implies very little evolution in the total star formation rate for redshifts less 

than 0.3. The majority of the observed evolution over cosmic look-back tillle 

appears to occur between z=0.3 and z=l. 
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Figure 9.16: SFR density as a function of redshift - taken from Hopkins et al. 
(2000), with the addition of the HaGS point at z=O. This diagram is a compila
tion of SFR densities derived from emission-line and UV continuum measurements 
taken from the literature. The UV-based points are shown here with extinction 
corrections from Steidel et al. (1999). References are as follows, along with the 
origin of the SFR density estimate: (HopOO) Hopkins et al. (2000) (Ha); (Ste99) 
Steidel et al. (1999) (UV); (G la99) Glaze brook et al. (1999) (Ha); (Yan99) Van 
et al. (1999) (Ha); (Tre98) Treyer et al. (1998) (UV); (TM98) Tresse & Maddox 
(1998) (Ha); (Con97) Connolly et al. (1997) (UV); (Mad96) Madau et al. (1996) 
(UV); (Li196) Lillyet al. (1996) (UV); (GaI95) Gallego et al. (1995) (Ha). 



Chapter 10 

Summary, conclusions and 

further "Work 

This thesis has presented the Ha Galaxy Survey and some of its first results. 

This chapter will summarise the Survey, its findings and conclusions. It will end 

with some details of complementary work and proposals for future studies. 

10.1 The Ha Galaxy Survey 

A total of 334 spiral and irregular galaxies have been imaged in the Ha line using 

the Jacobus Kapteyn Telescope. This is the largest and most representative 

optical sample of nearby galaxies to date. 

The sample was selected from the UGC in 5 redshift shells in order to fairly 

represent the different observable populations at different distances. The inner 

shells are dominated by small and faint galaxies, whilst the large, bright galaxies 

are more commonly detected in the outer shells. 

Elliptical and lenticular galaxies were omitted as their spectra are shown to be 

dominated by absorption features, with no sign of Ha emission (Kennicutt, 1992). 

Highly inclined galaxies were also excluded due to the uncertainties in the optical 
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depth of the dusty ISM. 

Three hundred and thirteen of the observed galaxies obeyed the selection cri

teria. Eleven other galaxies were observed due to their presence in the field of 

view of a companion galaxy. The overall sampling of the parent sample by the ob

served galaxies is generally good, with a slight under-representation of Sc galaxies 

and those with intrinsic diameters between 15-25 kpc. K-S tests show that the 

observed galaxies are consistent with being drawn at random from the parent 

sample. 

Objects in the Virgo Cluster were generally avoided in order to focus on field 

galaxies. A complementary study of the region will be described in Section 10.3.2. 

60 of the observed galaxies were classified by Huchra & Geller (1982) as belonging 

to groups, and 29 were found to be in optical-pair systems. 

Approximately half of the galaxies were classified as showing evidence of a nuclear 

bar. 

10.1.1 Non-astrophysical errors 

Several non-astrophysical sources of error in the calculated quantities were in

vestigated in Chapter 4. The most significant when calculating Ha fluxes and 

concentration indices is found to be the uncertainty in the continuum scaling 

factors. The effects of fluctuations in the sky background are not as significant 

as found in some previous studies, due to the subtraction of a surface fit of the 

background from a galaxy image during the data-reduction procedure. 

Distance uncertainties contribute a further error of 24% when calculating Ha 

luminosities and star formation rates. Error propagation results in a total uncer

tainty in the SFR of around 30% in an average galaxy, rising to ",40% for galaxies 

with low equivalent widths. 
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10.1.2 Astrophysical errors 

In Chapter 5, the effects of extinction and [NIl] contamination were addressed. 

The Kennicutt (1983) [NIl] corrections were applied to the HaGS data, but a 

new study, involving the photometric separation of the [NIl] and Ha light was 

initiated. This found that there is a wide variation in the amount of [:\'Il] in 

each galaxy. It also found that, whilst the Kennicutt corrections agreed well 

for individual regions selected by their high [NIl] fluxes, for the remainder of 

the galaxy, and for the galaxy as a whole, they appear to be overestimating the 

amount of contamination. [NIl]/Ha fractions were generally found to be higher 

in the metal-rich nuclear regions of galaxies than in the disks. 

A standard Ha extinction correction of 1.1 mag was applied to galaxies of all 

types, as recommended by Kennicutt (1998). An investigation into this assump

tion was attempted using Br, imaging of 22 galaxies. In most cases, no emission 

could be detected, and, with the exception of UGC5786, only 1-3 isolated re

gions contained measurable flux in the remainder of the sample. Thus, it was not 

possible to investigate the effective extinction over the whole galaxy. 

Investigation of the Br, emitting regions found A(Ha) values were generally in the 

0.5-1.8 mag range quoted in the literature. Higher extinction values were found 

in nuclear regions, indicating the presence of large amounts of dust. Not enough 

data were available to investigate any relationship with galaxy morphology, but 

it is clear that A(Ha) varies even within single galaxies. 

Data from the UCM survey showed no correlation between inclination and extinc

tion, but suggests corrections of 1.5 mag for early-type spirals (SO-Sbe), 1.2 mag 

for late-type spirals (Se+), and 0.4 mag for irregular and dwarf galaxies. 
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10.2 Results and conclusions 

10.2.1 Comparison of Ho: and FIR as a measure of star 

formation 

One hundred and seventy-eight HaGS galaxies have also been detected by IR:\S. 

A good correlation is found between the SFRs derived from the Ho: fluxes and 

those from the FIR data, although there is a significant deviation from the one-to

one line, particularly for galaxies with low SFRs. The non-unity gradient of the 

slope of the best-fit line to the data suggests a non-linear power-law correlation. 

An empirical formula relating the FIR luminosity to the SFR of the ga.lax~· is 

derived in Section 6.2. 

U sing the uniform 1.1 mag extinction correction for the Ho: data, there is a clear 

trend for the ratio of IRAS to HaGS SFRs to decrease along the Hubble seqw'll(T 

to later types. This supports the theories of old, low-mass stars contributing 

significantly to the dust-heating stellar-radiation field. However, if the type

dependent extinction corrections suggested by the UCM data are applied, then 

the strength of this trend is significantly reduced, in agreement with the findings 

of Kewley et al. (2002). 

10.2.2 Star formation within galaxies 

One way to investigate the distribution of star formation regions within galaxies 

is to generate concentration indices. Three forms of index were inYestigated, the 

Petrosian index being the least subjective to the choice of total flux, but the logC:n 

index being the most reliable when it came to calculating Ho: concentration. 

A strong correlation between continuum concentration and Hubble type is COll

firmed. Continuum emission also appears to be more centrally concentrated t 11an 

Hev emission, implying that the majority of massive-star formation is occurring 

in the outer regions of the galaxies. 
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Petrosian indices calculated for the low-redshift HaGS galaxies appear to show 

less central concentration in continuum light than in the more distant SDSS 

sample. 

The Ha IOgC31 concentration index was investigated for field and group galaxic's 

separately. Whilst there was no overall trend for either population to ha\"e more 

centrally-concentrated star formation, 8 out of the 12 galaxies with the highest 

Ha central concentrations were found to be in group or pair environments. These 

findings support the suggestion of Koopmann & Kenney (:2002) that the trun

cation of star formation in Virgo Cluster galaxies is due primaril~r to ICf\I-ISJ\I 

interactions, but also, in some cases, due to gravitational interactions between 

two galaxies, possibly leading to nuclear starbursts. 

The distribution of star formation in normal galaxies is found to vary by a large 

amount, even for galaxies with similar morphologies. In general, early-type disk 

galaxies have very little Ha emission and are often dominated b~r nuclear Her 

absorption. Large spirals galaxies of intermediate Hubble type tend to have HII 

regions which trace the pattern of the spiral arms, whereas late-type galaxies han~ 

a wider range of SFRs and scattered distributions of HII. 

Gravitational interactions between galaxies can cause an enormous variety of 

extended structures. In the observed HaGS sample, we see examples of tidal 

bridges, tails, rings and shells in the interacting and disturbed galaxies. The 

features seen in the Ha are often very different from those seen in the continuum, 

and reveal the location of high concentrations of star-forming gas. These HII 

regions are often some of the brightest in the observed Universe. In some cases 

star formation has been enhanced in the core of a galaxy, whereas in other ("as('s. 

the brightest Ha fluxes are detected in the outskirts of the galaxy, or along a 

well-defined outer edge. 

Three different effects can be seen in the distribution of nuclear star formati()ll 

as the result of two different types of bar. Galaxies with bars containing an 

approximately' even distribution of light along their length are generally found 
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to be emitting Ha flux either along the length of the bar, or in many case~ at 

either end. Galaxies with bars dominated by a bright central region are found 

to exhibit strong Ha emission in their centres, but virtually none along the rest 

of the bar. There is a general relation between the three different distributions 

of Ha light and galaxy type, with earlier-type galaxies tending to have the high 

central concentrations and the bar-end emission usually being found in the later 

types. Galaxies with intermediate Hubble types fill in the gap by having star 

formation along the length of the bar. These findings are in agreement with the 

theoretical models of bars. 

10.2.3 Global star formation dependencies 

There is a large amount of scatter in the quantity of star formation present in 

galaxies of the same Hubble type, with the latest types having the greatest range. 

On average, once normalisations for galaxy mass or size have been applied, Sm-

1m galaxies are found to be the most active and SO/a-Sa types, with high central 

concentrations, appear the least active. The lowest individual star formation 

rates generally belong to diffuse Sm-lm objects. For all types, the modal SFRs 

are very low. 

There appears to be a weak dependence of the amount of star formation on bar 

presence for some Hubble types, but a more detailed investigation, taking into 

account the properties of the bar, is needed. 

With the exception of early-type (SO/a-Sa) galaxies, there appears to be no cor

relation between Ha EW or surface brightness and the continuum emission from 

the galaxy. This is in contrast to some previous findings (e.g. Cavazzi d <II. 

1996). 

No significant difference is found between field and group galaxies when examining 

the the mean or median SFRs and Ha EWs, although for both llleasures of star 

formation, the lowest values are predominantly found in the field. The spread of 
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EWs for group, pair and Virgo galaxies is less than that found in the field. Thi~ 
is in contrast to the findings of Koopmann & Kenney (2002) for \'irgo objecb. 

Probably, the most significant result from this section is that both the Ha and the 

R-band surface brightnesses are enhanced for galaxies in groups or pairs compared 

to isolated galaxies. These findings do not change if ,ye alter our method of 

representing galaxy sizes. It is proposed that galaxies in these environmellh 

experience star formation enhancements over large timescales. resulting in an 

increase in both the number of new stars, and the number of old stars. E\Ys will 

thus remain relatively unaffected. 

Galaxy-galaxy interactions are found to increase the star formation rates of the 

galaxies involved in most cases. The magnitude of the enhancement is variable. 

It is also seen that, in some cases, interactions can halt the formation of new 

stars. 

10.2.4 Star formation in the local Universe 

The luminosity function derived from the parent sample (and the highly inclined 

galaxies excluded from the parent sample) using the 1/'~ method shows a very 

large number of galaxies at the faint end (M B > -14). The slope of the Schechter 

fit is much steeper than found in previous studies. For -22 < J\1B < -17 the 

points in the luminosity function are in good agreement with the fit to th(' AAR S 

data for spiral galaxies over that range. 

A plot of the SFR density of the local Universe as a function of absolute blue 

galaxy magnitude reveals that the present total SFR is dominated h~' bright galax

ies, with MB between -19 and -20. Fainter galaxies with magnitudes b('t'Y('('1l 

-13 and -17 contribute approximately equal amounts for each magnitude bin. 

Plotting the SFR density against Hubble type shows that the galaxi('s (,()lltribll t

ing the most to the local star formation are those classed as Sbe-S(· .. -\ significant 

contribution is also found from galaxies with types Sm-lm. These obj('cts h,l"(' 
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often been ignored or undersampled by previous studies. 

The Ha luminosity function found by combining the Ha luminosities of the ob

served sample with the points in the MB luminosity function, n",-eals a much 

steeper increase in the number of galaxies with low star formation rates with 

decreasing Ha luminosity than found by Gallego et al. (1995). Integrating under 

the Ha luminosity function results in a value for the density of the total star 

formation rate for z=O of 0.027±0.006 M0 yr- 1 IvIpc-3 , almost twice that found 

by Gallego et al. (1995). Plotting this point on a Madau plot H',-eals that ,-er~

little evolution has occurred in the total star formation rate for redshifts less than 

0.3. 

10.3 Further work 

The 334 galaxies observed by the Ha Galaxy Survey form a large dataset from 

which much further work can be based. A number of suggestions for future study 

have been mentioned throughout this thesis. These will be summarised here, ilnd 

several other projects will also be presented. 

10.3.1 Further investigation into [NIl] contamination 

The method described in Section 5.1 has been shown to be a useful way of inH'S

tigating the contribution of [NIl] to the total Ha+[NII] observed flux for differcllt 

galaxies. It also has the advantage of allowing the distribution of [NIl] within a 

galaxy to be studied. 

The preliminary study presented in this thesis contains just 6 galaxies. Planned 

observations of around 14 large, bright face-on spiral galaxies of t~-I){'s Sa-S<l_ and 

16 Magellanic irregulars should allow for the dependence of [l'\I1] (,CHltalllill<lti(11l 

on galaxy type to be better investigated, and for a new set of corrections t (I b(1 

derived if necessar:v. 



10.3. Further work 

10.3.2 Star formation in the Virgo Cluster 

Rather than observing 1 . . V' . d' . ga aXles In lrgo In IVldually, a contiguous strip running 

from the centre of the cluster to a radial distance of 5° has been observed in Hn 

and R using the Wide Field Camera on the INT. The star-forming properties of 

the detected galaxies can be compared to those in the field and in groups. 

The Ha observations will complement the Virgo Wide Field Sup;ey of J. Dayies 

et al., which has surveyed the same region in the UBZ bands. These observations 

have found typically several hundred galaxies per square degree, down to lumi

nosities comparable to the faintest Local Group dwarf spheroidals. The fraction 

of these that are detected at Ha remains to be seen. 

10.3.3 Star formation in interacting galaxies 

Some work into the investigation of both the global and internal effects of galaxy 

interactions has been presented in this thesis. 

A further 31 Ha and continuum observations have been taken with the JKT by 

P. James and S. Percival, covering a full range of interactions, from relatively

undisturbed near-neighbours to ongoing mergers and galaxies with strongly-distorted 

optical morphologies. With this larger sample, a better understanding of the 

processes involved in galaxy-galaxy interactions and their effects on the gas dis

tributions of the galaxies will become available. 

10.3.4 Disk and circumnuclear star formation 

The SFRs, Ha EWs and surface brightnesses presented in this thesis hm'(' all 

been derived from the integrated Ha fluxes of entire galaxies. Kennicutt (1998). 

however has shown that star formation takes place in two distillct regions; t h(' , 
extended disks of spiral and irregular galaxies, and the compact-circumnudear 

environments in the centres of spirals. The attributes and dependencies of the 
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star formation in the two re . b 1· d . 
glOns are e Ieve to be Yen" dIfferent .. -\.s a future 

study, it is suggested a way is found to decompose the HaGS data into these two 

components so that they can be investigated separately. 

UKIRT time has been applied for by P. James, C . .\Lundell and J. Knapen on 

a related topic. This application concentrates on the relation between nuclear 

star formation and AGN presence and strength. It aims to determine whether 

strong nuclear Ha emission in a galaxy is due to a starburst or to AG~ a('ti,oit~,. 

or a combination of both. It is important to fully appreciate the contribution 

from AGN to the total Ha flux of a galaxy so that corrections can be applied for 

this non-star formation contribution. Pascual et al. (2001) found that correcting 

their calculation of the SFR density at z~0.24 for the estimated AGN contribution 

reduced their value by rv 15%. 

10.3.5 Arm-induced star formation in spiral galaxies 

M. Seigar and P. James are investigating the location and strength of star forma

tion in spiral galaxies with respect to perturbations in the old stellar population, 

as detected by K-band emission (Seigar & James, 2002). 

There are two leading theories linking star formation to density waves in spiral 

galaxies. The large-scale galactic shock scenario (Roberts, 1969) predicts a shock 

forming near the trailing edge of the galaxy arms. This will compress the gas to 

densities at which stars can form and should be characterised by dust lanes seen 

on the trailing edges of the arms. 

In the stochastic star formation model (see e.g. Seiden & Gerola 1982). a su

pernova explosion triggers self-propagating star formation. Density wmoes 1 hell 

concentrate the new HII regions along the spiral arms, but are not responsible 

for the triggering of star formation. Star formation efficiency (i.e. normalised to 

unit mass of disk material) should be unaffected by location in i:HIll or illter-arm 

regIOns. 



10.3. Further work 

Images from the Ha Galaxy Survey were amongst those used by Seigar i= J alnes 

(2002) to identify the new star-forming regions in a sample of 20 spiral galaxies. 

The SFRs were found to be significantly enhanced in the Yicinit~· of the spiral 

arms as traced by the old stellar population through K-band light. therefore 

supporting the large-scale shock scenario. The face-on spirals in the complete 

HaGS sample can be used to further this investigation. 

10.3.6 Hn luminosity functions 

A. Cardwell and J. Beckman are currently using a semi-automated technique 

to determine the positions, angular sizes, and absolute fluxes of the Hu regions 

in individual galaxies in order to construct luminosity functions for the galaxy 

as a whole, and for individual components (bar, disk, etc.). An example using 

UGC12343 (NGC7479) is described in Rozas et al. (1999). Physical differences 

between, for example, the bar and the disk, can be explored through the property 

of their Hn regions. Approximately 60 HaGS galaxies are currently being utilised 

as part of this project. 
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Appendix A 

The Ha Galaxy Survey observed galaxies 

The photometric, distance and star formation data for the 334 observed galaxies 

are presented here. Column 1 contains the number of each galaxy in the Uppsala 

Galaxy Catalogue; column 2 the Hubble type, taken from NED; column 3 the 

heliocentric recession velocity from NED; column 4 the distance in Mpc of the 

galaxy, assuming a Hubble constant of 75 kms-1 Mpc-1 and after corrections from 

a Virgo infall model; column 5 the galaxy major axis in minutes of arc; column 6 

the major-to-minor axis ratio; column 7 the total, apparent, R magnitude derived 

from this study; column 8 the total Ha flux, with a decimal exponent given in 

brackets such that 1.2(-15) should be read as 1.2x10-15 Wm-2
; column 9 the 

equivalent width in nm of the Ha line; and column 10 contains the total star 

formation rate, based on the total measured Ha line flux, with the conversion 

factor as described in the Section 3.7. The galaxies are listed in Right Ascension 

order, within each of the five recession velocity shells, starting with the lowest 

velocity shell (up to 1000 kms- 1
). Serendipitously discovered galaxies, without 

U GC numbers, are listed at the end of the table. Data for the different recession 

velocity shells are separated by a horizontal line in the table. 

:,20:2 
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1.44 0.01110 

3.08 0.01377 

3.81 0.06622 

4.63 0.65391 

3.80 0.33302 

7.40 0.28004 

2.88 0.00152 

3.71 0.44129 

5.30 0.02144 

2.42 0.04179 

2.48 2.67733 

5.10 0.233t-lo 

0.68 0.21-135 

-1.32 0.017 -17 

33.88 (1.0035-1 

2:L61 0.03898 

2.:JO 0.16304 

2.-10 O.OOS72 

3.-19 0.02206 



UGC 

4165 

4173 

4274 

4325 

4426 

4499 

4514 

4645 

4879 

5139 

5221 

5272 

5340 

5336 

5364 

5373 

5398 

5414 

5637 

5672 

5692 

5721 

5719 

5740 

5761 

5764 

5786 

5829 

5848 

Photometric, distance and star formation data for 33-1 galaxies 

Class. v Dist Diam alb mR 

kms- 1 Mpc amm mag 

Ha flux 

\Vm-2 

EW SFR 

nm M~\yr-l 

SBd 514 9.0 2.9 1.1 11.51 2.00-1(-15) 3.70 0.3518:2 

1m: 

SBm pec 

SAm? 

1m: 

SABdm 

SBcd? 

SABO/a 

lAm 

IABm 

SAc pec 

1m 

1m/BCD 

1m 

IBm 

1m 

10 pec 

IABm 

IBm pec 

Sab? 

Sm: 

SABd? 

SBdm: 

SABm 

SABdm 

IBm: 

SABbc pec 

1m 

Sm: 

860 

447 

524 

397 

691 

691 

692 

600 

143 

3 

520 

503 

46 

20 

301 

14 

603 

753 

531 

14.3 

7.7 

9.2 

6.7 

12.2 

12.2 

12.3 

10.5 

2.3 

2.1 

7.7 

7.2 

0.7 

1.0 

3.9 

2.1 

9.5 

10.8 

6.8 

180 2.9 

537 6.9 

941 17.1 

649 10.9 

641 8.1 

586 7.8 

993 18.2 

629 8.6 

822 14.9 

1.9 

1.7 

3.5 

2.0 

2.6 

2.1 

3.6 

1.7 

3.6 

5.9 

2.1 

2.7 

2.5 

5.1 

5.1 

5.4 

3.2 

5.0 

1.8 

3.2 

2.1 

2.9 

1.7 

2.2 

2.0 

3.1 

4.7 

2.1 

3.2 14.48 

1.1 11.40 

1.5 12.59 

2.0 14.72 

1.4 13.06 

2.3 13.18 

1.1 10.04 

1.3 13.18 

1.2 13.71 

2.2 10.21 

2.6 13.78 

2.7 14.14 

1.3 13.88 

1.6 13.58 

1.5 12.58 

1.2 10.35 

1.5 13.07 

1.5 11.07 

3.6 13.72 

2.102{-16) 

2.466{ -15) 

6.568{-16) 

8.361{-17) 

6.422{-16) 

3.365{-16) 

1.811(-15) 

1.790{-17) 

3.973(-16) 

6.241(-15) 

4.122(-16) 

2.570( -16) 

1.070(-16) 

3.305(-16) 

7.260( -16) 

6.621(-15) 

6.366(-16) 

4.991(-15) 

1.531(-16) 

1.8 13.67 1.828(-16) 

2.1 12.16 1.223(-15) 

2.4 13.14 7.089(-16) 

1.4 13.67 2.283(-16) 

1.3 12.20 3.692(-16) 

1.8 14.57 1.501(-16) 

1.3 10.40 1.634(-14) 

1.1 13.13 1.502(-15) 

2.1 14.09 1.410(-16) 

;).98 

4.11 

3.29 

:2.98 

4.94 

2.88 

0.86 

0.15 

5.5-1 

3.49 

6.17 

5.34 

1.75 

0.11:2:21 

0.32804 

0.12216 

0.00998 

0.20470 

0.10718 

0.56751 

0.00498 

0.00576 

0.06412 

0.06289 

0.03392 

0.00015 

4.11 0.00084 

3.59 0.02907 

4.21 0.08377 

4.94 0.14429 

6.17 1.53147 

2.16 0.01467 

2.46 0.00336 

4.11 0.12129 

5.88 0.41786 

3.09 0.05583 

1.29 0.05056 

4.63 0.02335 

10.90 11.23121 

12.34 0.28592 

2.80 0.06239 



UGC 

5889 

5918 

6123 

6161 

6251 

6272 

6399 

6439 

6446 

6565 

6572 

6595 

6618 

6628 

6644 

6670 

6778 

6781 

6782 

6797 

6813 

6815 

6818 

6817 

6824 

6833 

6869 

6900 

6904 

Photometric, distance and star formation data for 334 galaxies 

Class. 

SABm 

1m: 

SBb 

SBdm 

SABm: 

SAO/a: 

Sm: 

SAb 

SAd 

Irr 

1m 

SBb: 

SABcd: 

SAm 

SAc 

IBm 

SABc: 

SBO/a: pec 

ImV 

SBd 

SAd: 

SAcd: 

SBb? 

1m 

SOIa 

SABc 

SAbc: 

Sd 

SAbc 

v Dist Diam alb mR Ha flux 

kms- 1 Mpc amin mag 

572 6.9 2.2 l.0 13.63 1.182(-16) 

340 5.4 2.4 1.0 14.52 6.923(-17) 

979 20.9 

756 12.3 

927 17.1 

628 7.1 

805 14.4 

770 12.2 

645 10.5 

229 3.1 

229 2.9 

732 11.8 

739 11.7 

850 

993 

922 

977 

905 

525 

961 

954 

968 

819 

243 

906 

919 

807 

590 

842 

15.2 

16.9 

17.6 

18.5 

18.5 

5.7 

18.2 

17.7 

18.1 

14.0 

2.9 

16.9 

17.6 

13.9 

6.8 

15.4 

3.4 

2.6 

1.8 

5.2 

2.8 

5.9 

3.5 

2.5 

2.0 

3.1 

1.7 

2.9 

4.3 

3.0 

4.5 

1.4 

2.0 

1.9 

2.6 

5.1 

2.0 

4.1 

1.7 

3.2 

2.9 

2.1 

3.9 

1.2 10.80 

2.2 13.52 

1.1 14.39 

2.7 10.70 

3.5 13.27 

1.9 10.08 

l.5 13.88 

1.3 11.68 

1.8 13.77 

3.1 11.69 

1.5 12.55 

l.0 12.38 

l.4 10.39 

3.3 12.63 

1.6 10.35 

1.4 13.05 

1.0 15.71 

1.1 

1.0 

3.9 

2.0 

2.7 

2.1 

1.3 

1.7 

1.6 

3.5 

12.33 

12.60 

11.58 

13.58 

13.90 

12.28 

12.67 

10.70 

13.93 

11.94 

4.050(-15) 

2.880(-16) 

1.775(-16) 

2.941 (-15) 

2.648( -16) 

3.520(-15) 

4.870(-16) 

1.612(-15) 

4.436(-16) 

l.328(-15) 

1.111(-15) 

5. 781( -16) 

6.733(-15) 

1.197(-15) 

7.945(-15) 

2.023(-16) 

5.561(-17) 

6.774(-16) 

4.891 (-16) 

7.555(-16) 

2.246(-16) 

3.57 4( -16) 

1.200(-16) 

2.500(-15) 

6.018(-15) 

5.840(-17) 

9. 769( -16) 

E\V SFR 

1.54 0.01203 

2.05 0.00505 

3.91 3.68377 

3.40 0.08806 

4.64 0.10501 

2.57 0.30517 

2.47 0.11222 

1. 75 1.07886 

8.00 0.10949 

3.49 0.03877 

6.57 0.00966 

2.88 0.38551 

5.35 0.31199 

2.37 0.28113 

4.42 4.20560 

6.19 0.95954 

5.04 5.62477 

1.55 0.14320 

4.93 0.00471 

2.67 0.46879 

2.47 0.31047 

l.49 0.51236 

2.78 0.09133 

5.96 0.00780 

0.45 0.07100 

13.50 1.60286 

5.26 2.40535 

1.00 0.00558 

2.68 0.4 7018 



UGC 

6917 

6930 

6956 

6955 

6962 

6973 

7002 

7007 

7030 

7047 

7045 

7054 

7075 

7081 

7096 

7134 

7151 

7199 

7215 

7216 

7232 

7261 

7267 

7271 

7315 

7323 

7326 

7328 

7405 

Photometric, distance and star formation data for :3:3-:1: galaxies 

Class. 

SBm 

SABd 

SBm 

IBm: 

SABcd 

Sab: 

SBb: 

Sm: 

SABbc 

lAm 

SAc 

SBa: pec 

SABc:? 

SABbc 

SABb? 

SABc 

SABcd? 

lAm 

SBdm 

SBcd pec: 

1m pec 

SBdm 

Sdm: 

SBd: 

SABbc 

SABdm 

1m: 

SBO/a: 

SBO/a 

v Dist Diam alb mR 

kms-1 Mpc amin mag 

910 

778 

917 

905 

784 

701 

932 

774 

725 

210 

769 

913 

752 

760 

837 

609 

265 

165 

378 

-183 

228 

861 

472 

546 

867 

517 

-164 

890 

893 

17.0 

13.2 

17.1 

16.5 

11.8 

9.7 

17.5 

9.4 

10.6 

2.8 

9.1 

17.6 

12.6 

12.9 

15.2 

6.8 

3.3 

1.9 

3.9 

17.4 

2.6 

9.0 

6.6 

7.0 

17.6 

6.8 

17.4 

10.4 

17.6 

3.5 

4.4 

2.2 

5.0 

2.3 

2.6 

2.5 

1.7 

5.2 

3.3 

4.1 

4.4 

2.8 

5.8 

3.0 

4.0 

6.0 

1.8 

5.1 

1.9 

1.7 

3.6 

2.1 

2.0 

2.1 

5.0 

1.9 

2.9 

5.6 

1.8 13.20 

1.6 12.46 

1.0 14.43 

1.9 13.32 

1.2 11.89 

2.2 11.28 

1.3 12.09 

1.1 14.14 

1.3 10.05 

1.9 12.59 

2.4 10.70 

2.6 11.04 

3.5 11.86 

2.6 10.08 

1.8 10.47 

1.1 11.27 

4.6 11.32 

1.1 12.87 

2.8 11.09 

2.4 13.69 

1.1 12.42 

1.2 12.43 

2.6 13.73 

3.3 13.89 

1.6 11.18 

1.3 11.29 

3.2 15.29 

1.3 10.82 

2.2 10.25 

Ha flux 

W 
_'J m -

1.888(-16) 

8.635(-16) 

1.063(-16) 

2.002(-16) 

1.381(-15) 

1.719(-15) 

6.243(-16) 

3.458( -17) 

6.628(-15) 

9.035(-16) 

2.230(-15) 

1.080(-15) 

2.171(-15) 

8.912(-15) 

3.648(-15) 

1.502(-15) 

2.321(-15) 

1.273(-16) 

3.698(-15) 

2.546(-16) 

4.815(-16) 

1.640(-15) 

1.223(-16) 

1.120( -16) 

1.319(-15) 

1.161(-15) 

1.211(-16) 

8.957(-16) 

1.156(-15) 

SFR 

1.65 0.11435 

3.81 0.31725 

2.89 0.06420 

1.96 0.13716 

3.61 0.39687 

2.57 0.33395 

1.96 0.40288 

0.72 0.00629 

3.19 1.50931 

4.52 0.01818 

1.95 0.38500 

1.30 0.69171 

5.56 0.70757 

4.43 3.05664 

2.58 1.73880 

2.22 0.14227 

3.59 0.05139 

0.82 0.00117 

4.62 0.11806 

3.49 0.16574 

2.05 0.00850 

7.10 0.28348 

1.75 0.01111 

1.85 0.01118 

1.80 0.86490 

1.75 0.10880 

7.29 0.09633 

0.88 0.20008 

0.67 0.77647 



UGC 

7414 

7523 

7539 

7559 

7561 

7622 

7690 

7753 

7826 

7866 

7874 

7901 

7971 

7985 

8024 

8034 

8054 

8098 

8116 

8188 

8201 

8256 

8303 

8313 

8320 

8331 

8396 

8403 

8490 

Photometric, distance and star formation data for 33-l galaxies 

Class. 

SABdm: 

SBb 

SAc? 

IBm 

SBa: 

SBOja? 

1m: 

SBb 

SABb? 

IABm 

SABdm: 

SAc 

Sm: 

SABd 

IBm 

1m pec 

SAcd: 

SBm: 

SBc 

SAm 

1m 

SABbc 

IABm 

SBc? 

IBm 

lAm 

v Dist Diam ajb mR Ha flux 

Wm-2 kms- 1 Mpc amm 

232 2.4 

922 17.5 

716 8.2 

218 2.5 

439 

508 

537 

486 

631 

359 

291 

805 

467 

4.6 

18.8 

6.8 

18.1 

18.0 

4.2 

3.0 

17.8 

6.5 

652 6.8 

376 4.1 

915 17.6 

778 20.7 

847 11.0 

969 17.1 

321 3.7 

37 0.5 

946 18.9 

944 18.9 

625 8.3 

1.7 

3.6 

3.6 

3.2 

3.6 

3.8 

1.7 

5.4 

1.7 

3.4 

2.1 

4.0 

2.2 

2.7 

3.0 

1.7 

2.8 

4.0 

2.2 

6.0 

3.5 

5.8 

2.2 

1.7 

195 2.4 3.6 

260 3.3 2.7 

946 18.6 1.7 

965 19.1 4.0 

mag 

1.1 12.03 

1.1 10.52 

1.8 9.61 

1.6 13.62 

2.0 11.80 

2.9 11.14 

1.1 12.45 

1.3 9.95 

1.5 11.80 

1.1 13.80 

2.3 13.10 

1.5 10.33 

1.0 13.45 

1.6 11.29 

1.4 13.46 

1.9 13.61 

2.5 11.46 

2.7 12.35 

1.0 10.96 

1.1 12.53 

1.8 13.06 

2.1 9.46 

1.2 13.11 

4.3 13.52 

2.5-l 7( -15) 

1.362(-15) 

7.214(-15) 

3.994(-16) 

9.380(-16) 

6.110(-16) 

5.612( -16) 

1.870(-15) 

7.683(-16) 

3.270(-16) 

4.878( -16) 

3.710(-15) 

2.990(-16) 

4.104(-15) 

4.240(-16) 

6.270(-16) 

3.050(-15) 

4.565(-15) 

3.803(-15) 

8.710(-16) 

1.263(-16) 

4.406(-15) 

7.832(-16) 

3.312(-16) 

2.6 12.82 5.965(-16) 

3.0 13.79 1.694(-16) 

3.4 13.06 1.073(-15) 

1.4 11.49 2.899(-15) 

E\Y 

7.60 

1.01 

2.32 

5.13 

2.26 

0.80 

2.-l7 

0.82 

1.85 

5.00 

3.90 

2.32 

3.29 

SFR 

0.031:23 

0.88517 

0.99766 

0.00628 

0.04101 

O.-l-l3DJ 

0.06810 

1.32046 

0.53519 

0.01-l77 

0.00924 

2.46318 

0.02548 

6.17 0.39849 

4.70 0.01772 

8.00 0.51418 

5.36 2.80638 

18.24 1.11300 

4.21 2.31398 

4.11 0.02420 

0.98 0.00008 

1.23 3.19880 

6.29 0.70730 

3.91 0.04632 

3.70 0.00866 

2.57 0.00460 

8.26 0.75172 

5.24 2.13149 
SBd? 

SBcd 

SAm 201 2.8 5.0 1.7 11.44 3.132(-15) 5.-±-l 0.04962 



uec 

8508 

8565 

8760 

8837 

8839 

9013 

9018 

9128 

9179 

9211 

9219 

9240 

9405 

9649 

9753 

9769 

9866 

9906 

10075 

10310 

10445 

10521 

10606 

10736 

10806 

11300 

12048 

12082 

12101 

Photometric, distance and star formation data for 33~ galaxies 

Class. 

lAm 

SABdm 

1m 

IBm 

1m 

SAcd pec 

SAm 

1m 

SABd 

1m: 

1m: 

lAm 

1m 

SBb? 

SAbc:? 

SABdm: 

SAbc? 

Sc pec 

SAcd 

SBm 

SBc 

SAc 

SBcd: 

SABdm 

SBdm 

SBcd 

IBm 

Sm 

SAd 

v Dist Diam alb mR Ha flux 

Wm-2 kms- 1 Mpc amin 

62 0.8 1.7 

232 3.1 1.7 

193 2.3 2.2 

144 1.9 4.3 

957 20.5 4.0 

273 3.8 4.8 

304 4.3 1.7 

154 1.8 1.7 

305 4.5 5.8 

686 11.2 1.7 

663 10.2 2.6 

150 

222 

447 

772 

841 

435 

656 

835 

716 

963 

852 

919 

490 

932 

490 

986 

1.9 

3.2 

7.7 

13.8 

15.1 

7.4 

11.6 

14.7 

12.7 

16.9 

15.0 

15.9 

8.6 

15.7 

8.4 

12.2 

1.8 

1.7 

3.7 

4.2 

2.7 

2.2 

3.3 

5.4 

2.8 

2.8 

3.0 

3.6 

3.1 

2.1 

3.8 

2.1 

mag 

1. 7 13.41 3.583(-16) 

1.2 13.24 3.964( -16) 

3.1 13.80 7.434(-17) 

3.3 12.07 4.487( -16) 

1.5 14.01 2.490( -17) 

1.1 10.80 2.280(-15) 

1.3 13.64 7.003(-16) 

1.3 13.86 3.840(-17) 

1.6 11.21 2.855(-15) 

1.2 15.00 3.620( -16) 

2.0 13.17 4.710(-16) 

1.0 12.98 

2.8 14.24 

1.7 11.77 

3.2 11.42 

1.4 13.34 

2.2 11.78 

1.3 12.18 

2.6 10.96 

1.3 13.08 

1.6 12.89 

2.3 11.24 

2.4 14.21 

3.4 13.92 

2.3 12.76 

2.9 12.29 

1.2 12.15 

3.737(-16) 

7.885(-17) 

8.682(-16) 

1.667( -15) 

1.855(-16) 

9.565( -16) 

1.296(-15) 

2.741 (-15) 

8.007( -16) 

7.801 (-16) 

3.670(-15) 

3.911 (-16) 

9.678(-17) 

6.718(-16) 

7.562(-16) 

1.665(-15) 

SFR 

3.80 (l.()(llEi7 

3.59 0.00i6:-

1.13 0.00099 

1.39 0.00408 

OAG 0.02706 

2.20 0.06639 

9.2~ 0.02608 

0.62 0.00032 

4.00 0.11793 

0.00 0.11287 

~.OO 0.12198 

:2 .67 0.()():n7 

1.80 0.()(12(12 

2.03 0.10832 

2.84 0.6~133 

1.85 0.08615 

2.26 0.10895 

4.42 0.35149 

3.06 1.19927 

6.28 0.26100 

5.14 0.~7:~:2-1 

5.30 1.G8~G8 

8.67 0.20168 

1.6~ 0.01529 

3.92 0.34693 

2.88 0.12409 

5.55 0.7()~:27 

802 10.1 2.6 1.2 13.47 2.741(-16) 3.09 0.06938 

786 9.9 2.2 2.0 12.63 7.151(-16) 3.71 0.1671-i 



uec 

12613 

12732 

12754 

12893 

763 

2053 

2210 

2275 

2302 

2855 

3384 

3403 

3439 

3574 

3580 

4097 

4121 

4637 

4781 

4779 

5349 

5393 

5589 

5731 

6023 

6077 

6112 

6923 

9036 

Photometric, distance and star formation data for 334 galaxies 

Class. 

1m 

Sm: 

SBcd 

SAdm 

SABm 

1m 

SBc 

Sm: 

SBm: 

SABc 

Sm: 

SBcd? 

SABc: 

SAcd 

SAa pec: 

SAa 

Sm: 

SABO/a 

Scd: 

SAc: 

Sdm: 

SBdm: 

SBcd 

SAab 

Sd 

SBb: 

Sd? 

1m: 

SAm: 

v Dist Diam alb mR Ha flux 

Wm- 2 kms- 1 Mpc amm 

-183 1.0 

749 8.9 

751 8.9 

1108 12.5 

1162 12.7 

1029 12.7 

1211 13.9 

1025 11.9 

1104 12.8 

1202 17.5 

1089 17.0 

1264 19.2 

1494 22.3 

1441 21.8 

1201 18.8 

1442 22.5 

1092 18.0 

1404 21.8 

1443 24.3 

1289 21.3 

1381 24.4 

1448 25.5 

1154 20.3 

1408 25.9 

1334 25.5 

1434 27.4 

1036 22.0 

1066 19.8 

1390 24.0 

5.0 

3.0 

4.4 

1.7 

5.1 

2.0 

4.9 

7.5 

4.8 

4.4 

1.7 

2.7 

3.3 

4.2 

3.6 

1.9 

2.0 

4.9 

1.7 

3.2 

2.5 

1.9 

3.0 

1.9 

1.9 

2.3 

2.2 

2.0 

1.5 

mag 

1.9 14.89 9.610(-18) 

1.1 13.70 6.309(-16) 

1.5 11.45 2.645(-15) 

1.0 13.33 3.624(-17) 

1.4 11.38 1.938(-15) 

2.0 14.40 3.875(-17) 

1.1 11.57 2.625(-15) 

1.4 17.52 2.364(-17) 

1.3 14.37 7.955(-16) 

2.2 11.11 2.646(-15) 

1.0 14.68 1.345(-16) 

3.4 13.02 3.300(-16) 

2.7 12.81 2.837(-16) 

1.2 12.21 6.113(-16) 

2.3 12.44 6.727(-16) 

1.3 11.33 4.598(-16) 

2.5 15.14 3.521(-17) 

1.2 11.20 1.950(-16) 

2.8 14.40 1.393(-16) 

1.9 11.15 1.590(-15) 

2.8 13.30 3.319( -16) 

1.7 13.54 2.652(-16) 

1.6 12.28 1.009(-15) 

1.1 11.36 4.599(-16) 

2.4 12.49 1.127(-15) 

1.1 11.82 1.()-1:J(-15) 

2.8 13.:21 1.860(-16) 

2.5 12.91 -1:.-1:3-1:(-16) 

1.7 12.94 5.039(-16) 

EW SFR 

nm ,\1; n·- 1 

0.40 0.00002 

8.75 0.1:2:?();3 

-1:.63 0.49357 

0.36 0.01205 

3.18 0.65674 

1.03 0.020~):) 

5.13 1.09533 

11.10 0.00810 

20.53 0.31187 

3.38 9.78296 

-1:.62 0.12291 

2.46 0.41793 

1.74 0.35026 

2.15 0.64872 

2.92 0.53003 

0.72 O.J-1:GU 

1.85 0.():2.J:).J 

0.:27 0.19613 

3.69 0.17936 

2.10 1.55850 

3.18 0.40205 

3.17 O.:).J~~.J 

0.7.J 0.G.JS7J 



UGC 

9465 

9645 

9824 

9935 

9987 

10470 

10546 

10564 

10762 

10792 

10876 

10897 

11218 

11557 

11604 

11782 

11820 

11861 

11868 

11872 

12043 

806 

1356 

1670 

1736 

1888 

1954 

2045 

2183 

Photometric, distance and star formation data for 334 galaxies 

Class. 

SABdm 

SABb 

SBbc 

SBd 

SBd: 

SBbc 

SABcd 

SBd 

SAO/a 

1m 

Scd: 

SAc 

SAc 

SABdm 

SABbc 

SBm 

Sm 

SABdm 

SBm 

SABb 

SOia 

SABcd: 

SABa 

Sm: 

SABc 

SABc: 

SABc 

Sab 

Sa: 

E\V SFR 
v Dist Diam alb mR 

kms- 1 Mpc amm mag 

1491 26.4 2.3 1.9 13.19 4.700(-16) 4.10 0.60772 

1359 24.5 3.5 1.8 11.10 l.229(-15) 1.56 l.64062 

1480 25.6 

1447 24.8 

1108 20.0 

1362 21.2 

1280 

1129 

1198 

1233 

1164 

1324 

1484 

1390 

1424 

1112 

1104 

1481 

1093 

1150 

1008 

1761 

1733 

1601 

1562 

1507 

1608 

1543 

1545 

20.4 

18.4 

19.1 

19.4 

18.6 

20.5 

22.2 

19.7 

20.2 

13.4 

13.3 

20.9 

13.2 

13.2 

12.4 

19.3 

19.3 

18.1 

17.6 

17.5 

18.1 

18.5 

18.6 

4.5 

4.5 

2.9 

3.0 

2.8 

2.6 

3.7 

l.8 

2.7 

2.5 

3.6 

2.2 

3.9 

2.3 

2.0 

3.5 

1.9 

2.7 

1.6 

3.5 

2.3 

2.2 

5.2 

3.8 

3.3 

4.0 

1.9 

1.1 10.79 

1.3 12.10 

3.6 12.24 

1.2 1l.10 

1.6 12.51 

2.2 13.27 

1.1 10.69 

1.0 14.37 

3.4 12.87 

1.1 1l.40 

2.1 10.72 

1.3 12.62 

1.2 10.54 

1.6 13.53 

1.1 14.43 

1.3 12.51 

1.2 13.10 

l.4 10.68 

2.7 13.06 

1.2 11.94 

l.1 16.11 

1.0 14.43 

1.4 11.00 

1.7 1l.56 

l.3 12.20 

2.0 10.94 

1.3 1l.93 

2.355(-15) 

1.157(-15) 

6.837(-16) 

2.981(-15) 

8.168(-16) 

5.266(-16) 

3.548(-16) 

l.590(-16) 

5.702(-16) 

1.906(-15) 

3.779(-15) 

6.781 (-16) 

2.171(-15) 

2.597(-16) 

l.018( -16) 

1.106(-15) 

2.269(-16) 

1.354(-15) 

3.063( -16) 

l.936(-15) 

l.870(-17) 

l.096( -16) 

1.956(-15) 

9.779(-16) 

7.79:3(-16) 

2.339(-15) 

8.489(-16) 

2.:23 

3.69 

2.46 

3.79 

3. 7~) 

4.93 

0.31 

4.10 

3.69 

3.18 

3.38 

3.48 

1. (i.J 

3.08 

2.77 

5.1:2 

1.82 

1.17 

2.30 

5.:3:3 

2.4() 

:2.97 

:2.25 

2.71 

2.7(; 

:2.:n 

3.34193 

l.61630 

0.59626 

:2.92524 

0.38020 

0.:286~),') 

0.15916 

0.42708 

l. 73154 

4.23486 

0.92418 

4.26980 

D.1() I ~J(i 

0.04795 

4.2180S 

0.09558 

0.10844 

l.5(j·12~ 

0.0792·1 

1.:3 7( )()() 

2.21S1ti 



UGC 

2245 

2345 

2392 

2729 

3546 

3496 

3598 

3685 

3826 

4238 

4533 

4659 

4680 

4708 

4922 

5015 

5688 

5717 

6506 

7656 

9576 

9579 

9926 

10805 

11124 

11238 

11283 

11331 

11332 

Photometric, distance and star formation data for 334 galaxies 

Class. 

SABc 

SBm: 

Scd? 

SOia 

SBa: 

1m: 

IBm 

SBb 

SABd 

SBd 

Sdm pec 

SAdm: 

Sbc? 

SBb: 

SAm 

SABdm 

SBm: 

SABbc: 

SBd 

SAa? 

SABd 

SBc? 

SAc 

SBm 

SBcd 

SBOja 

SBdm? 

Sm: 

SBd pec? 

v Dist Diam ajb mR 

kms- 1 Mpc amin 

1519 17.3 

1506 17.2 

1548 19.0 

1940 26.1 

1871 26.9 

1581 23.4 

1991 28.4 

1797 26.3 

1733 25.7 

1544 23.5 

1939 29.8 

1756 27.6 

1631 26.2 

1815 28.5 

1991 30.7 

1650 27.3 

1920 29.2 

1686 26.8 

1580 29.1 

1774 

1567 

1681 

1958 

1554 

1613 

1821 

1959 

1554 

1558 

32.3 

27.4 

28.8 

31.2 

23.8 

23.7 

26.2 

27.5 

22.9 

23.0 

3.8 

3.5 

1.9 

3.5 

2.6 

2.1 

2.0 

3.3 

3.5 

2.6 

1.9 

1.7 

1.7 

3.0 

3.5 

1.7 

3.5 

2.0 

1.7 

1.7 

3.0 

4.2 

2.8 

1.7 

2.5 

2.9 

1.8 

1.5 

2.5 

mag 

1.4 10.78 

1.2 14.06 

3.8 14.53 

1.4 13.24 

1.9 11.16 

1.4 15.42 

1. 7 13.07 

1.2 11.69 

1.2 12.63 

1. 7 12.97 

2.7 12.93 

3.4 14.59 

3.4 12.63 

2.0 11.66 

1.8 13.18 

1.1 13.74 

1.8 13.57 

2.0 12.50 

3.0 14.74 

1.1 11.50 

1.2 12.09 

4.2 10.71 

1.4 10.97 

1.1 14.10 

1.1 12.38 

1.3 11.36 

1.2 12.79 

1.3 14.58 

2.8 12.88 

Ha flux 

Wm-2 

5.018(-15) 

2.325(-16) 

4.465(-11) 

1.529(-16) 

6.120(-16) 

6.328(-17) 

6.362(-16) 

7.299(-16) 

3.483(-16) 

3.1(j4(-16) 

3.602(-16) 

4.231(-17) 

6.943(-16) 

9.637(-16) 

4.789(-17) 

1.065(-16) 

3.510(-16) 

6.227(-16) 

4.823(-17) 

3.022(-16) 

1.659(-15) 

2.775(-15) 

2.915(-15) 

1.587(-16) 

4.844(-16) 

9.555(-17) 

1.057(-15) 

9.4a2(-17l 

1.018( -1;]) 

E\Y 

4.71 

1.33 

1.39 

0.82 

4.30 

4.93 

1.59 

1.(-\1 

1.33 

3.58 

2.05 

0.41 

1.54 

4.31 

2.87 

1.74 

SFR 

3 ')()-')" ._ /·.h 

0.16152 

0.04042 

1.38826 

1. 0344-1 

0.10617 

1.-192-15 

1.1-1-107 

0.53552 

0.:)7(-\32 

0.68754 

0.06748 

0.97Un 

1.61467 

0.09352 

0.63397 

0.90993 

0.08520 

0.55 0.65949 

5.22 2.7117-1 

2.-15 5.00329 

3.28 6.3637:{ 

3.17 0.2:{;307 

2.00 0.587(-\S 



UGC 

11921 

11944 

12178 

19 

858 

859 

895 

907 

914 

1211 

1554 

3504 

3530 

3522 

3653 

3740 

3834 

3994 

4066 

4260 

4273 

4270 

4375 

4362 

4393 

4390 

4444 

4469 

-1-184 

Photometric, distance and star formation data for 334 galaxies 

Class. 

IBm 

1m: 

SABdm 

SAbc: 

SAb 

SABO/a: 

Sdm 

SAb 

SABcd: 

1m: 

SAc: 

SABcd 

SBcd: 

SOIa 

SABbc 

SABc 

SABc: 

SABab: 

Scd: 

1m: 

SBb 

SABbc 

SABc: 

SAO/a 

SBc? 

SBd 

SBcd? 

SBcd 

SBb: 

v Dist Diam alb mR 

kms-1 Mpc amin 

1678 

1734 

1931 

2309 

2374 

2134 

2247 

2272 

2338 

2408 

2101 

2100 

2101 

2132 

2222 

2410 

2042 

2080 

2296 

2254 

2471 

2479 

2061 

2344 

2124 

2169 

2081 

2094 

2135 

19.6 

20.3 

21.8 

26.1 

26.3 

24.0 

25.0 

24.0 

25.8 

27.1 

23.9 

29.5 

29.6 

30.0 

31.1 

33.2 

29.1 

29.5 

32.2 

32.8 

35.4 

35.1 

30.9 

33.1 

31.5 

31.1 

31.3 

31.5 

32.1 

1.7 

2.4 

3.1 

3.6 

3.1 

2.4 

2.0 

5.6 

4.3 

2.3 

2.8 

2.8 

2.5 

1.8 

3.7 

2.8 

3.5 

2.7 

1.7 

1.6 

2.7 

1.6 

2.5 

1.9 

2.2 

1.9 

1.5 

2.1 

2.0 

2.4 

3.0 

1.9 

3.6 

1.6 

1.6 

2.9 

1.3 

2.9 

1.2 

2.3 

1.1 

1.9 

1.6 

1.5 

1.0 

2.5 

1.9 

1.0 

1.1 

2.3 

1.5 

1.5 

1.4 

1.5 

1.2 

1.7 

1.0 

1.5 

mag 

13.49 

15.44 

12.19 

11.40 

11.59 

12.14 

13.23 

9.87 

12.13 

14.62 

12.11 

12.00 

12.49 

13.99 

11.20 

11.08 

12.56 

12.11 

13.26 

13.81 

11.84 

13.28 

11.92 

11.96 

13.26 

13.69 

13.31 

12.50 

11.9-1 

Ret flux 

Wm-2 

3. 758( -16) 

1.011(-16) 

8.313(-16) 

9.217(-16) 

1.449(-15) 

3.604(-16) 

4.115(-16) 

5.812(-16) 

8.499(-16) 

1.428(-17) 

4.655(-16) 

1.493(-15) 

6. 786( -16) 

9.969(-17) 

1.854(-15) 

4.871(-15) 

6.362(-16) 

3.368(-16) 

3.333(-16) 

4.670(-16) 

9.439(-16) 

2.619(-17) 

5.901(-16) 

2.806( -16) 

5.788(-IGl 

2.17-1(-16) 

3.192( -16) 

1.006(-15) 

:>.99-1(-16) 

4.30 

6.97 

2.~7 

2.88 

1.18 

3.70 

0.2-1 

2.77 

1.-19 

-1.33 

3.09 

1.80 

2.58 

6.06 

1.08 

3.09 

7.20 

2.3G 

0.7~ 

3.09 

-1.63 

SFR 

0.-1091 i' 

0.1130-1 

0.98869 

2.14830 

0.50818 

0.58689 

1.20321 

0.02996 

3.10491 

1.39950 

0.20929 

13.4~:Z()2 

0.7S1h2 

1.36703 

2.74807 

O. -1-15-13 

2.1tii'ti'l 



vec 

4541 

4574 

5056 

5102 

6517 

7563 

11113 

12221 

12270 

12294 

12343 

12350 

550 

1192 

1276 

1305 

1313 

1378 

1547 

2081 

2124 

2247 

2603 

3463 

3701 

3804 

4705 

6157 

7308 

Photometric, distance and star formation data for 334 galaxies 

Class. 

Sa 

SBb 

Sa 

SABb: 

Sbc 

1m 

SABd 

SAd 

SABd 

SAbc 

SBc 

Sm 

Sb 

Sb 

SBdm 

SAbc 

SABc 

SBa: 

IBm 

SABcd 

SBa: 

SBbc 

1m 

SABbc 

SAcd: 

Scd: 

SBb 

SAdm 

Sd 

v Dist Diam alb mR 

kms- 1 Mpc amIn 

2060 

2160 

2146 

2432 

2491 

2350 

2331 

2057 

2116 

2194 

2381 

2140 

2674 

2988 

2749 

2665 

2931 

2935 

2640 

2616 

2631 

2758 

2516 

2692 

2915 

2887 

2526 

2958 

2762 

31.4 

31.1 

33.4 

36.9 

38.8 

38.4 

32.0 

28.4 

24.0 

25.0 

26.9 

24.3 

30.3 

33.6 

31.3 

30.5 

33.5 

37.6 

30.3 

29.6 

29.7 

31.3 

33.7 

36.2 

39.2 

39.0 

36.4 

44.4 

39.9 

3.6 

2.7 

2.2 

1.7 

1.7 

2.1 

1.9 

2.2 

1.8 

2.3 

4.0 

2.8 

1.8 

3.3 

1.9 

3.7 

3.0 

3.5 

2.2 

2.5 

2.6 

4.5 

1.7 

2.7 

1.8 

1.9 

2.2 

1.9 

1.7 

mag 

3.0 11.37 

1. 7 11.26 

2.0 11.80 

2.8 12.55 

1.8 13.19 

2.1 13.69 

1.1 13.68 

2.8 13.09 

1.0 12.65 

2.3 11.29 

1.2 10.83 

3.1 13.72 

2.2 13.58 

1.9 12.17 

2.1 13.15 

1.4 11.43 

1.9 13.30 

2.5 12.15 

1.0 13.25 

1.4 13.76 

1.0 11.83 

2.3 11.85 

1.2 1-1.59 

1.4 11.85 

1.0 13.65 

1.5 12.15 

2 0 1 ')~' . _.1 J 

1.1 13.67 

3.-1 13.33 

Ha flux 

Wm-2 

1.--152(-16) 

2.112(-15) 

2.605(-16) 

6.070(-16) 

2.198(-16) 

1. 716( -16) 

1.655(-16) 

3.378(-16) 

3.326( -16) 

2.946( -15) 

3.545( -15) 

1.462( -16) 

1.940(-16) 

7.847(-16) 

2.711(-16) 

4.055(-16) 

3.628(-16) 

1.172(-16) 

2.690(-16) 

9.137(-17) 

1.868(-16) 

6.109(-16) 

5.882(-1 i) 

1.181{-15) 

2.-177{-16) 

7.112{-16) 

3.911(-16 1 

2.-136(-Ui) 

3. 12!l(-16) 

E\Y 

0.2--1 

3.09 

0.63 

2.93 

1.90 

2.36 

2.26 

2.68 

--1.-13 

3.--19 

2.06 

2.-11 

2.67 

2.26 

0.70 

3. -1~) 

0.39 

1.33 

O.-l(j 

1.5·~ 

2.9S 

2.2(; 

SFR 

0.29922 

--1.23323 

0.66-1(iO 

1.7--11:3:3 

0.69819 

0.66618 

0.-H406 

-1.16117 

6.63--191 

0.3921-1 

1.94081 

0.64107 

0.88097 

O.9·172() 

1.07001 

O - '() I. I K. - I 

0.Hi7:n 

0.397() 1 

1.(l711 ~ 



Photometric, distance and star formation data for 334 galaxies 

UGC Class. v Dist Diam alb mR Hey flux E\r SFR 
kms- 1 Mpc amm mag Wm-2 nm :\1 : n- 1 

11269 SABab? pec 2582 35.0 2.5 1.9 12.10 2.618(-16) 0.83 0.i2(jj.1 

12118 Sab 2825 32.1 2.0 2.9 12.66 2.886(-16) LJ.1 (1.11.112 

12442 SAbc: 2674 29.8 2.1 3.7 12.98 6.026(-16) .1.31 1.2:3~J.1 

12447 SBbc: pec 2678 29.9 3.3 3.0 11.35 2.125(-15) 3.39 .1 . .11:212 

12690 SBm: 2605 28.9 2.0 1.1 15.41 7.043(-17) .1.72 0.12922 

12699 SBb: pec 2798 31.0 1.9 1.4 11.90 3.656(-15) 9.65 i.8J~qi 

12700 1m pec 2770 30.7 2.6 5.2 13.00 0.000(+00) 0.00 0.00000 

12788 SAc 2956 32.8 2.2 1.2 12.51 9.332(-16) 4.32 2.19752 

N2604B 1m 2104 31.7 0.7 1.8 14.71 6.820(-17) 2.W 0.1667ll 

060-036 Sc 2115 32.0 0.9 4.5 14.39 2.660(-16) 7.00 O.;"d:-dQ 

+74.0041 1m 2160 31.1 0.5 1.7 14.37 6.2.10(-17) 1. (jO 0.1.167:) 

0809+363 SBm 2471 35.4 0.4 2.0 15.02 1.500(-17) O.i() ().(l:Hi~7 

Shanel Sm? 649 10.9 0.6 3.0 17.13 4.590(-17) 1;).00 O.OlOil 

N3769A SBm pec: 761 12.6 1.1 2.8 14.38 2.760(-16) 7.20 0.08587 

N4810 1m pec: 912 17.7 1.9 2.4 14.08 3.550(-16) 7.00 0.L7(Hil 
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